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Abstract

Metalorganic 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 organitinkers and metatontaining 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, thecgoree designed
and controlled on the molecular level by judicious choice of linkers, nodes, and controlling
synthesis conditions.

MOFs with large pore sise&an provide porous matesakith higher surface arsahat are
of interestfor severalapplications. For example, in heterogeneous catalysis, largerrpstaisin
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 orderncedd€d- 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 robustiiessstability) as well as the formation of interpenetrated
networks, which reduces the porosity of the M@& make larggpore MOFs thaare stable(i.e.,
donot collapse upon removal of guest molecules from the pore) andtegrenetrated structige
thereby providing as much pore volume as possible, one approach is to use linkers that are both
large and rigid. Theskarge andigid linkers have very few degrees of conformation freedom that
should result in a more stable structure and are sufficibality to prevent interpenetratiowwhen
combined with an inorganic node of high connectivity, the linker can result in a stable framework.

One of the options ishapepersistent macrocyclecaffolds €.g, m-phenylene ethynylene



macrocycle(PEM)). Anotherset 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 shapeersistent macrocyclic compound that we were interested in as a linker
scaffdd due to its rigid structure and large size. | embarked on the synthesis of a tetratopic
carboxylatebased PEM through Sonogashira coupling reaction and a final cyclizduiis
discussedin Chapter 2. The PEM was synthesized with an overall yield %f 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 similaotjgsrphyrins.
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 coordinate icetftral cavity of these
molecule. As such, these linkers are attractive cedarehe development of larg@ore and robust
MOFs for various applicationsPorphyrins have received a great deal of attention in MOF
chemistry with many different types ofogphyrinic linkers synthesized and applied in MOF
synthesisPcs on the other handhave rarely been reported in the MOF field and the existing
examples to date are limited to MOFs wathimited number of structures and applicatiods
such, we opted fdhe introductions of a new family of Pc linkets.Chapter 3, | will discusthe
synthesis of tetraimidazophthalocyanine linkers that can be used in MOF synthesis. In this thesis,
| demonstrate that the strategy for the tunable synthesis of tetraipithatocyaniens through
the tetracyclization of imidazophthalonitrile derivativean make both carboxylatkased and
imidazolatebased linkers. Also, the synthesis is flexible to make Pc linkers with other coordination
groups These new linkers providan opportunity for the synthesis of new PcMQRgich are

lacking in the field.



Finally in Chapter 4, | demonstrate the synthesis of PCMOF using the carbexystzie:
tetraimidazophthalocyanie linkewith zirconium containing nodesAs 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 htvese MOFs can be formed. These conditions
include temperaturedifferent ligand and node precursgrconcentratiog and ratios reaction
time; use of different modulators and the modulator concentigtise of varying concentrations
of hydrochloric acid as additiyelifferent solvents and solvents mixtuend sonication of the
reaction mixture Powder Xray diffraction PXRD) and N gas adsorption of the synthesized
samples were evaluated as our metric forthe quality of the material. As such, theBrighaser
EmmettTeller (BET) surface area for PcMOWas 1220 rfig. Pore size distributiofPSD) 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 raterial was obtained, the synthesis daroedthe same material although they have
different surface area3herefore, 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 Porousmaterials

Porous materials contain void space that is not occupied by the molecules making up thetmaterial.
These materials, which are characterizedh®yr porosity, are a class of schtlate materials that

play an important rolén our livessuch as irgasstoragé filtration,® and catalysié.Therefore, the

study and the development of porouaterialsis an important areaf research among materials

scientists and chemists.

(a) (b)

Figurel.l (a) Two-dimensional illustration of a zeolite framework?dhows the counter ion of the
framework. (b) Threalimensional representation of a zeolite. Si and Al atoms are in yellow, oxygenis in
red. Light ydlow spheres show the pores created by the caggisieseprintedwith permissiorfrom

references, Copyright 006 Elsevierandreference, Copyright 018 Royal Society of Chemistry

One of the most popular and frequently diggrous materials areeolites. Zeolites are
naturally occurring materialthat can be viewed as purely inorganic coordination polyMmAss.

shown inFigure 1.1zeolitesare a class of crystalline aluminosilicates that contain group | or Il



elements (Na, K, Mg, Ca) as charge compensating catiéihe framework of the zeolite is
formed via AlO4°> and SiQ* units. The units are connected to each other via bridging oxygen
groups ie., one of the oxygen atoms in A®is the same oxygen in the SiOunit). As shown

in Figure 1.1, this connectivitgontinuesin 3-D to form a crystallingframework that contains
cavitiesthat are accessible from the external portion of the cryistal jores) The frameworks
are often negatively charged and are thus charge compensated by theDagdiegheir porosity
andtheir mechanical and thermatability, zeolites have found numerous applications such as in
petroleum refining, catalysis, ion exchange, molecular adsorption, and gas sef&8atmathe
first synthesis of zeolites reported by Barrer in 1948, wide range of structurdsave been
synthesized?! 12Furthermore, severahethods have been developed for their functionalizdfion
16However, the challenge with zeolites is that their synthesispisctice of trial and erroand
their atomic composition and functionaligye limited. Moreover, zeolites have limitecsurface
area, that rangefrom 400 to 600 g, and smalpore size, mostly smaller than 1 npk’ which
restricts their applications to moleculedth kinetic diametersargerthan 1 nmConsidering these
limitations of zeolites, researchers have been focused on findergaiive methods of making
porous materials.

Looking at the structure @fzeolite Figure 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 cold 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 designewilinker 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 thaas 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 asbhbck 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 opensrahlen of coordination
polymers, and especially the theme of this thesis, roegainic frameworks (MOFS).

1.2 Metal Organic Frameworks (MOFS)

Figurel.2 Somesecondary building unitSBUS9 observed in MOFs. (a) to (d)erlusters with different
connectivity Depending on the ligand connectivity requirement and reaction conditions, this SB&) can
12-connected (b) @onnected (c)-&onnected, and (d}éonnected. (e) O cluster. (f) padlewheel
cluster observed with Zhor Ci2* as metal. (g) chailike SBU and (h) trinuclear SBU observed withfM
metals. Atoms are color coded as Carbon: black, Oxygen: red, Metal: blue. Hydrogen atoms are omitted
for clarity. Figuresreprintedwith permssionfrom referencé 8, Copyright (2016Royal Society of
Chemisty, referencel9, Copyright (2014) Royal Society of Chemistry, and refer@@:€opyright

(2014)American Chemical Society.
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In the last two decades amelass of porous materials known as MOFs have emerged and
the scientific community witnessed an explosion of publicationsthe topiZ! MOFs are
composed of two parténorganic and organic. As shownhigure 1.2 the metal component of
the MOF, also known as the node or a secondalgibg unit (SBU) can contain an isolated metal
centre (not shown), a dimdtigure 1.2J, a trimer(Figure 1.2h, a tetramer of metal noddsigure
1.29, a cluster of metal cations that contain oxo/hydroxo bridgegife 1.2ad) or even chains
of metalnodes Figure 1.29.2? These metal nodes are linked to one another via polytopic organic
bridging ligands(Figure 1.4. For example, MO (Figure 1.3a is formed via the reaction
between zinc nitrate and,4-benzenedicarobylic acid (also known as terephthalic acid;
H2BDC).23While zinc nitrate is used in the synthesis, the node of M@Bntains a Z+O%* unit
(Figure 1.2eandFigure 1.3p that can connect tsix BDC? ligands to make a cubic framework.

(a)

O/ 0}
O— Zn Zn-0

%—A’O

K = X
£

Figurel.3 Synthesis of MO#5 from zincions and benzenedicarboxylic acid. (b) Structure of the SBU in

MOF-5.

The centratheme of the linker jsasdescribed abovea stable core that contains two or
more locationsl{(ewis-base sitg) for metal ions to coordinate aptbmote metaimetal bridging

rather than metal chelatior.§, bipysddije vs Dipy#Adije). Figure 14a shows some
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important features of an organic link€@rganic ligandshat are used for the construction of MOF
can include carboxylatephosphonatesulfonatesandN-donorheterocyclic compoundsich as
azolatesimidazolatesandpyridyl (Figure 1.4).24 Althoughemploying organicigands with single
N-donorgroups on each sideu ¢ h -higyridihe addN\gppropriate metal ions can lead to the
creation of openframeworks in most cases, the framework collapses upwacuaihg or
exchanging thguestdilling insidethe poregwhich is a required process in MOFs activation). In
contrast, multidentateligands such as carboxylatesnake it possible to fornmore stable
frameworks because of their ability to form rigid SBUs instead of connecting to single metal ions.
Besides, organic ligals can havavariety of geometries such &gonal planarandsquare plaar
which can have different connectivitp the nodeé> These ligands often range froditopic,
tritopic, to tetratopic(Figure 1.4 b, ¢, and d These can affect the size and shape of the poee.
addition of noanode coordinatingunctional groups on the organic linker daaveanimportant
effect on the properties and applications of M®Fhese functional groups decoréte pore and
thus play a critical role in modifying the properties between the host and §hssapproach has
been used in a multitude of applicatiomsch as ilCH4/CO separatiort;/ andmercury sorption in
water treatmem8 In additionto introducingligand functional groups, the length of the organic
linkerscan be extended to make lardiekerss u ¢ h -bighenyldicdridjxyt acid (H-BPDC)
and -térphénylitNgarboxyt acid (H2TPDC).1° These longelinkers allow the chemist to study
how an increased pore size changes the observed property. From just these two Magiables (
changing the length of thieker and thelinkers functional group) a vast range of structure
property relationships can be examined; theefan endless number afierscan be designed

for use in MOF synthesis
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Figurel.4 (a) Schematic representation ofrekierused in MOF synthesis. The central core must
have more than one coordination cite that is showi,ad the core may have functional groups that is
shown asy'. (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 wide variety of metal cationso choose.
As suchmany of the metals in the periodic table can be used in MOF synth@&dien, the metal
chosen for the work is related to thmbility that it imparts on the resultant framewoilthe
weakest point in a MOF framework is usually the nidigdnd bond. For examplghe ionic
character of the alkaline earth metals makes MOFs based on these metals more vulnerable to
hydrolysis. In @plications where the presence of moisture is inevitable, for example in adsorption
of COzfrom the flue gasusingM-MOF-74 (M is the metal in the SBl&rystal structure of this
MOF is shown inFigure 1.5 Mg has been shown to be monemidity-sensitive than other
isostructuralnalogues® As suchalkaline eartibased MOFs are less favorable in that sense. On
the other handtrivalent andtetravalent metals have better chemical/hydrothermal stability
compared with MOFs made from other mefalBor exampleMOF-5 (Figure 1.39 and UiG-66*
both use HBDC as the linkerbut the ZnO®%* SBU in MOFRS5 is considerably more sensitive to
moisture than th&rsO4(OH)s'%*node in UiG66.32 The first reason for this chemical stability is
thattri-andtetravalent metal ions are hdrdwis-acidsdue totheir high charge and chargediae
ratio; the coordination bond betwettre hard Lewis-basecarboxylate ligandind thenard Lewis-
acid metal ion is strongeAdditionally, the highernuclearity SBUs isresponsiblefor the higler
degree ofchemical staliity.8 It is for this reason thatr4*, Hf4* and other higitharge metal

basedclusternodesFigure 1.2 are so prevalent in the literature today



Short axis

5 HO O ®
- OH >
HO™So O

Figurel.5 a) Metal oxide SBU chaitike structure. Atomare color codes as Carbon: grey, Oxygen: red,
and Metal: blue. (b) Some ligands used for the synthesisMf-74 series. (¢) MMOF-74 crystal
structure made by coordination of ligand to the metal oxide.2#ldpted with permission from

reference34, Copyright (2019) Elsevier

Beside acting as connecting points in MOFs, SBUs can have other functions. For example,
open metal cites (vacant Lewasid sites) can act as interaction site for gas molecules in gas uptake
applications’> Thesecoordinatively unsaturated sitean 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 exsivd@F-74 (shown in
Figure 15) has abundant of open metal sifese per metal)For M-MOF-74, different divalent

metals can be incorporated (MMg, Mn, Fe, Co, Ni, Zj This has enabled researchers to study



the role of each metal on the gas adsorption properties. Foa@sarption applicationdighter
metals such adlg causeMg-MOF-74 to havea higher gravimetric uptake (C@er gram of
material). Gravimetric uptake is important when the weight of the mateeialif transportation
applications) is importantn addition to gas adsorption, MOFs with accessible open metal cites
have been used in catalytic applicatins

Whatmakes MOFs attractive for different applicatiass combination of the high surface
areas that can be achieved as well as the tunable size and functionality that can be introduced to
the poe. This is important becaudbese features make it possible to tailor MOFs for specific
applications.Furthermore, since the materials are traditionally crystalline, it is easy to determine
a structureproperty relationship.
1.3 Designing of MOFs
One of the gals 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 pdtas the combination of thgeometry othe SBU as
well as that of the organigandsthatindicates the topologgnd pore structuref the framework
and ultimately the properties of the resultant MOBgstrategicallyselectingligands andSBUs
MOFswith controlled pore functiorligy, shape, and sizean bemade.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 SBOsceSBUsare formed
with fixed linking geometriespredesigned ligands assembly to the SBudls result in the
construction of MOFs withdeally predictedstructural topologiesin summary, the ultimate

framework topology is defined by tikembined effect ofheboth likers and the SBUs



1.3.1 Influence of SBUand ligand on the MOF topology

PCN-222
Figurel.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.
Figuresadaptedvith permission frommeference19and18, Copyright (2014and(2016) Royal Society
of Chemistryreference838 39and40, Copyright(2015) (2012) and(2001) American Chemical Socigty

referencetl, Copyright 010 Taylor & Francisandreferencel2 Copyright 012 Wiley.
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Different metal ions as &ll as different reaction conditions can produce SBUs of varied geometry
and connectivity’3 Therefore, changan SBU geometry, while thégand is unchanged, leads to
differenttopologiesFor example, MO is the product ahesolvothermal reaction between zinc
nitrate andH2BDC. Howewer, when at room temperature, a mixture of zinc nitrateHRDC in
N,N-dimethyl formamide PMF):toluene mixture, which is exposed to slow vapor diffusion of
triethylamine TEA), yields prismshaped crystal®f MOF-2 (Figure 1.6b).44 The difference
between theéopologiesof these two MOFs originates from the square planar dizinc paddlewheel
that has four points of extensionMOF-2 as opposed to the octahedral SBhkt hassix points
of extensiorin MOF-5.1n MOF-5, as is shown ifrigure1.3k, fourZn2*ionsform a cluser around
an oxygen atom to form Z®%* 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 octahenlecting node
and the points of extensipthat are the carbon atom of tterboxylatejie on the corners of this
octahedronltis thecombination of tis octahedratirecting node and the line8DC? ligandthat
constructthecubic frameworkof MOF-5. In principle, it would be possible to make such cubic
framework with anyihear 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 inFigure 1.6 d and eTherefore, the geometry of SBU, that depebots 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 the topology of the Mi@dnds are traditionally
the method that is investigated fit8tThis is becauseSBUs aregeneratedn situ so that the
geometry and composition of the SBU are not always predictable. Hence, the geometry,
connectivity, and lengtbf the organidigand, which are at the synthetic control of the chémis

are morewildly investigated in designing MOF$herefore, designing organic likers is critical to
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obtain MOFs with desired functions For example, when using tritopic
1,3,5benzenetricarboxid acid(H3BTC) instead oH2BDC, HKUST-14°whichisa3-D MOF can

be formed with the node iRigure 1.6¢ (4-connected square planar dicopper paddlewWhees
contrasts wittH2BDC, which forms a 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 thigand.

1.4 Mesoporous MOFs

The majority of MOFs madare microporou8 As categorized binternational Union of Pure and
Applied Chemistry IUPAC), micropores are pores that are less than 24@Fswith pores larger

than 2 nm are oihterestto chemists'® In applications such as catalysis and separation, mass
transfer through the micropores hinders the application of MDFR&Idition to these applications,

if larger pores MOFs could be made, tlmiusion of enzymes or nanopatrticles inside the pore of
these MOFs camnable new applications of catalsised MOFsFor these new applications,
rational design and synthesisroésoporousMOFs (pore size -50 nm)areimportant.Extending

the MOF network can be achieved by choosing longer ordigiicds. Howeer, 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 reducesitteof the pores. In some other cases, using
extended ligands may caugée formation of fragile frameworks prone to collapse and
disintegration upon removal of solvent molecudfesSince the first report of mesoporous
IRMOF-16, which was made utilizing>TPDC,*” new mesoporous MOMF&ve been continuously
reported. Therare various methods of making mesoporous MO&®wong which some of the

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

Figurel.7 A series of isostructural MOFs made of,@§ SBU and extension of the linear ditopic ligand
BDC?. The spheres show the empty space of pBeprintedvith permission from referencs,

Copyright (2019) American Chemical Society

Y@ @ oy

H3BTC H,BTB H,BTE H,BBC

Figurel1.8 Some tritopic linkers used in the synthesis of MOFs.

IRMOF-16 that was reported by Yaglind ceworkers in 2002 was the first -B
mesoporous MOFE’ This MOF was madby extending thdigand length of the prototype MOB
by employing BTPDCinstead ofH2BDC (Figure 1.7). This breakthrough example proved that
reticular chemistry can bemployed inthe realm of fully ordered mesoporous MOHRawever,
no further information regarding thexlddsorption of the IRMO®.6 was reportedAs previously

mentioned, a common issue in designing lgsgee MOFs by extending the ligand length is
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interpenetrationHowever, if linkersand nodethatcreatenon-interpenetratetbpologies are used,
then thisproblem can be avoided For example, the topology formed between tritopic linkers
such as HBTC and the prototypical z@°* SBU cannot interpenetrate. With that in mind,
researchers have uskhger tritopic linkers Figure 1.8) to form noninterpenetrated MOFS.
MOF-177, MOF180, and MOR200 Figurel1.9) are examples of such isostructural frameworks
that are made of z0%*as S BU a ibehzentl, 34N -tibgnzoate (BB®), 4,44nj
[benzenel,3,5triyl-tris(ethyne2,1-diyl)Jtribenzoate (BTE’), and 4,44nj[benzenel,3,5triyl -
tris(benzenet, 1-diyl)Jtribenozate (BBC?) as ligand respectivelythese MOFs are on the border
of mesoporous frameworksyith cagesizes as large @8x28A and BrunauefEmmettTeller
(BET) surface areas as high as 4530gn

To further pursue the goal of mesoporous MGtFss been shown that tritopiakiers can
be usedn combination with ditopic linkergn a mixed ligand stratggo make nofinterpenetrated
mesoporous MOFs with high surface aféar exampleYaghi and ceworkers made MOR10
(Figure 1.9) by linking ZnsO%* SBUs witha mixture ofBTE®- and BPDC?- as ligand*® Thelargest
poresizein this MOF is30x48 A. The highest record of specific surface ai@ea MOF to date
belongs to DUT60 (Figure 1.9) withBET surface area of 7800%g;50 this MOFcontainsZnsQ%*
SBUs linked via tritopic BBC®* ligand and the bridging ditopic ligand
1,4-bis-p-carboxylaephenylbutél,3-diene (BCPBD'). The resultant MOF has two kinds of
mesopores with dimensions of 82 and 1527 A. In MOF-210 and DUTF60 examples, the
ditopic ligands act as auxiliary ligands that crliek between the large pores and prevent

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

Figurel.9 Crystal structure of some selece@amples of MOFs made of AB%* SBU and triangular
tritopic ligands. The spheres show the empty space of.[gegeses reprinted with permission from
referencel9, Copyright 014 Royal Society of Chemistryeferences1, Copyright (2015) Wileyand

references2, Copyright (2020Nature

Mesoporous MOFs with-D channels can be synthesizedngsiod-packingSBUs.53 An
example of a MORvith rod-packingSBU that forms 4D channels i¢-MOF-74 (Figurel.5) and
its derivative®* M-MOF-74 is composed of dicationic metal centers linked to one another by
dihydroxy-BDC, whidch is deprotonated on the carboxylic acid as well as the hydroxyl units to
make the tetranionic 2,5dioxido-1,4-benzenalicarboxylate. It has been shown that by
increasing the length of thigand, it is possible to make a series of sswctural non

interpenetrating frameworks with pore sizes up tof98\s shown inFigure 1.5a, connecting
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points on theSBU are spaced so close from each other that coordinating olggamds, which
are aligned perpendicular to thed-packingSBU, forma tightly packed wallThe small space
betweertheparallel ligands is insufficient to allow anothdigandto start a secondary framework
This enablesthe formation of mesopores without the danger of formingempenetrated

frameworks

Figure1.10 Crystal structure of Nt1000 made of &onneded ZrSBUs and'BAPy* ligands. SBUs are
atthe vertices and the ligands form the sides of the hexagons or tAgi@ptedwith permission from

referenceéb5, Copyright (2013) American Chemical Society
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Thereis a handful of MOFs with-D mesopores tharemade using tetratopligands and
versatile connectivity of Zrclusterst8 Pyrenebased ligands are among the most explored ligands
in this field.NU-1000 is an iconic MOF with-D channels (8 A hexagonal mesopore channels
and 12A trigonal micopore channelsigure1.10) and high surface aa (2300 #(g).55 This MOF
iIs composed of -8onnected Zr cluster (Figure 1.2¢ and tetratopidigand 1,3,6,8tetrakisp-
benzatepyrene(TBAPY*) (Figure1.11). As expectedarger pyrenébased ligand&igure 1.11)
give MOFsisostructural with NU1000 such a®lU-1003, NU1004, NU1005, NU1006, and

NU-1007 among which Nt1007 has the widest hexagonal channel oA&?

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)

Figurel.11 Some tetratopic pyredgased linkers used in the synthesis ebZased MOFs with-D
channel hexagonal pordsabels in parentheses show the MOF in which the associated linkeris used.
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Figurel.12 Crystal structure of Nt1103 made of 1-2onneded ZrSBUs andPy-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 spherealsthe larger poreReprintedvith permission fromeferencé7, Copyright

(2015) American Chemical Society

Pyrenebased ligands can also be used for making MOFs widhn3esopore cages. The
versatile connectivity regimes 8fs cluster provides the opportunity of synthesis of different MOF
topologies with the same itding blocks. For example, MOFs wittcubic structureKigurel.12)
can be made usintetratopicpyrenebased ligandsHigure 1.13 and 12connected Zr cluster
(Figure 1.2a).This isostructural series of MOFs (N110x series = Nt110678 NU-1100?° NU-
1101%“and NU-11037) have increasing larger pore sizes. Among these MOFs]1 NJ3 that uses
4.4'4" 4"((pyrenel,3,6,8tetrayltetrakis(bezened,1-diyl))tetrakis(ethyne2, 1diyl))tetrabenzoic
acid H4Py-PTP) as Inker is mesoporous with two types of por@sgure 1.12),the larger one is

22.7A and the smaller one is 1247
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H4Py-PTP

(NU-1103)

Figurel.13 Some tetratopic pyrergased linkers used in the synthesis ebZsed MOFs with-® cubic

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

1.5 Rigid macrocyclic ligandsfor the synthesis of MOFs

Oy OH

PEM Porphyrin Phthalocyanine

Figurel.14 Macrocyclic ligands used in MOF synthe$isthalocyaninegm-phenylene ethynylene

macrocycle (PEM)and porphyrirare selectedxamples representative of these families of ligands.

Macrocycic ligands are bulky, therefore when used in MOF synthesis, these ligands

potentially makeMOFs withlarge poresvithoutinterpenetrationHowever, the macrocycle used
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for this purpose needto be rigid as welfor the MOF to have a robust structufEhe rigid
macrocydk ligands that have been ussd farin MOF synthesisare m-phenylene ethynylene
macrocycle(PEM) 29 61porphyrinsé2and phthalocyanines (PéYFigure1.14).

1.5.1 m-phenylene ethynylene macrocycleontaining MOFs

(a) (b)

Figurel.15 Crystal structure of ZMCMOF-. (a) Stack of PEM coordinated to thesBBU. (b) :D
aperture in the structure with 20 A sizZ¢oms are color codes as Carbon: grey, Oxygen: red, and Zn:

blue. Reprintedwvith permission fromeferences0, Copyright (2015) Royal Society of Chemistry

Milianic and ceworkers synthesized and used PEM ligand for the first time in MOF synthesis.
61 This ligand is ahapepersistenimolecule that has cavity of 8.6A. In their first report of using
this ligand in MOF synthesis, they made a mesop® MOF,Zn-MCMOF, that is composed of
PEM as ligand andZnz cluster as SBUWFigure 1.15.%0 In the structure of this MOFgvery two
PEMsar e ][ 'st acked wi tAndaheMOF sas3-® chareeldhdt ar8condietted

to each otherThelargest aperturef these channels is arouBfA. Although the expected surface
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area based on the crystal structure of this N&O¢alculated 4203 #fg, the experimental valus i

only 518 mi/g that is attributed to the collape€pores in the activation process.

(a) (b)

Figurel.16 Crystal structure of ZMCMOF-. (a) Stack of PEM coordinated to;BBU. (b) D channel
(in yellow) in the structure with 9 Aperturesize Atoms are color coded. Zr is shown as purple
polyhedral, Carbon: grey, and Oxygen:.iedprintedvith permission frommeferences 1 Copyright

(2017) Wiley,

In the second report by Miljanic and-emrkers, $ing PEMaslinkerand3-connected 4r
cluster as SBU resudtl 3-D framework microporous ZMCMOF (Figure 1.16) that has 1D
channels with R\ apertureand BET surface area of 3t?/g.6%In this MOF it is the macrocycle
void size that astasa predesignegore anddictates the -D channel aperture size. Similar to-Zn
MCMOF,theligands arg -~ |  sdwithcaklistance of 3.44. this stackindorcethe Zg cluster
to form layered structure. Interestingly, single crystai}{ reveals that only one oxygen of each
carboxylate group is coordinated to thes ZBU; as a result, this MOF shows ledsemical

stability compared with what is expected frordabased MOF
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1.5.2 Porphyrins as macrocyclic ligands

Porphyrins are a class of highly conjugateéh@lerocyclic macrocycles that can be found in
nature This can be in théorm of the visible light activeste moleculesin chlorophyll that is
involved inphotosynthesis, in the active units of other enzymatic systems such as in cytochromes
that perform oxidative reactions, vitamindBhat isactive in metabolismprhemoglobin as oxygen
carrying entity®2Porphyrinsare me of the attractive macrocycligands forthe synthesis of large
pore MOFs because of thémlky and rigid charactelas well as the versatile functionality of the
porphyrin moleculé* As such there are many reports of porphyrinic MOFs, where porphyrin is
incorporated as a buildingdzk in MOF structure, with a wide range of applications such as in
photocatalys, biomimetics catalysis, electrocatalysis, biomedicine, and seP&irfy.
Considering catalytic applications of porphyrinic MOFs, when poated as ligand in the MOF
structure, the porphyrin molecules are isolated as discreet This, every single porphyrin
molecule would be ideallgvailableas a catalyst sit&'he resultant MOF catalysta heterogenous
systemwith a higher efficieny compared with direct use of porphyrin whererths a high risk

of aggregation of porphyrin moleculeadditionally, thewell-definedpores of the MOF can act
as a microreactor environment for ttetalystthat potentially reducing side reactions.further
advantage of the heterogeneous chemistry of MOFs is that the MOF can beeyaaid and

recoeredafter the completion of the reaction.
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Figurel.17 Selected examples of porphyiased inkersused in MOF synthesis.

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

attractiveto MOF chemists. As suchrdebase andnetalloporphyrins with differentopicity,
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donor groups, and geometries have been used for the synthesis of M§ufs1.17 includes

some of these porphyrmased linkers among which tetrakisfdarboxyphenyl)porphyrin
(H4TCPP)is the most popularrker. Much like other MOFs, when neuttigiands such apyridyl-

based porphyrins are usamlcoordinate to metal io#$,2° although the restittg frameworkcan
havelarge channels, the MOF loses drystallinity upon solvent removalOn the other hand
carboxylatebased porphyrin ligands make stronger bonds and therefore more stable MOFs
Achieving more robust &meworksis feasible by usincghard Lewis-acid metal cationsuch as

Al3*, Fe*, and Zf#* when carboxydtebasedporphyrins (hard_ewis-base) are used digand®
Enhanced stabilitpf theresultantcoordinating bonds can lead to the development of water stable
porphyrinic MOFs suitable farse incatalysisapplicationssuch as in aqueous mediéth awide

range of pH.

L X

Figurel.18 Crystal structure of APMOF shown from two different directions. Grey octahedra represent

Al atoms.Reprintedwith permission fronreferencer 0, Copyright (2012) Wiley

One of the first examplesf a water stable porphyrinic MOFsnscroporous AIPMOF
that is made of TCPPand rodpacking infinite AI(OH)Q chains(Figure 1.18 that hasa BET

surface area of 1400%g.”° This MOF is stable in water in pH up to 5 asdised fowisible light
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photocatalysis for hydrogen generatibom water. Similarly, a series of MOFs named as
PCN-600(M) (where M is the metal center osIHCPP M = Fe, Co, Ni, Cu) is formed when six
connected FeSBU clusters in trigonal prismatic geome(fyigure 1.2h)are connected to the

tetratopic TCPP ligand 2°These MOFs havBET surface aresup to 2350 /g and1-D channels
with sizes of up t®1 A with hexagonal crossection shapéFigure 1.19. Moreover,PCN-600

has good stability in a wide range of pH-{R).
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Figure1.19 Crystal structure of PCI600. Red octahedra are*Fatoms of the trinuclear SBU. Blue:
nitrogen atoms of TCPR Grey: carbonReprintedwith permission frommeference20, Copyright (2014)

American Chemical Society

Compared with other hard Lew#id cations, Zbased porphirinic MOFs gained more
attention because of thdiigher stability and the variety oZr SBUs.As such, here are many
reports of Zsbased porphyrinic MOFs and their application different fields such as
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photocatalysis, elemcatalysis, biomimetic catalysis, biomedical, and senSirkpr example,
MOF-545 (also known as PGRR2 and is isostructural with NWOO0O) is a mesoporous
porphyrinic MOFthatis made of TCPP- and 8connected Zr cluster*? This MOF ha 1-D
hexagonakhaped channebf 36 A diameteras well agriangular 2D micropoe channelsof 8 A
size andBET surface area ofZ60 m?/g (Figure 1.20a) Without changing the linker, and by only
taking advantage of thavious connectivity regimesf theZr-basednode, as well as the different
structures of these nodekifferentMOF topologiescan be synthesized. For examplehen the
same inorganic and organic precursors‘{and TCPP) for the synthesis of MOB45 are used
under different reaction conditions, M&R5 is formed3® MOF-525 is isostructural with
NU-110x series and haa cubic structurgFigure 1.20b)with 3-D cageporesthat are made of
12-connected Zrcluster rather than-8onnected SBWwhich is in MOF545). The pore diameter
of MOF-525 is 204 and its BET surface area is reported as 2620.im MOF-545thebenzoates
of the linker are in an angle (34with respect to the core porphyrin ridgigure 1.209,42 while in
MOF-525 the peripheral phenyl rirsgon porphyrin (benzoates)abeto be in the plane of the
central porphyrin ringo fulfill the connection angle requirements between the carboxgtatgs
and thel2-conneted Zrs oxocluste (Figure 1.20d. However the steric effect because of the
repulsion between hydrogens of the core porphyrin @ngd hydrogens of phenybrces the
peripheral phenyl ring to rotatehile rotation of the carboxylate group is not favoeat@garding
the destruction of the aromaticity of the syst&néThereforethe porphyrinligandsin MOF-525
are under torsion streggenthe peripheral benzene ringsefixed in the plane of the porphyrin

ring.
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(b)

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

HO OH OOH OOH
(0]

Figurel1.20 (a) Crystal structure of MOB45 (PCN222) (b) Crystal structure of MG525 (c)
and (d) HTCPP conformation from two perspectives in M&#5 and MOF525 respectively

Reprinted with permission from referer®&® Copyright (2012) American Chemical Societ
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Increasing the size of the porphyrivy extending the length of thgeripheral groupbas
been proved to be a successful strategy for makorginterpenetated mesoporous MOFs with
exceptionally high surface aréa>’Besides, §# extending the length of theeripheral groupsf
the porphyrin, thenner peripheral phenyl ringcan rotate to minimize the steric effeoentioned
above whilethe outermost benzoatan stay in the plane of the porphyrin cam fulfill the
connection angle requirement to the-cidhnected Zr SBU. This makes the porphysrased
ligands with longer peripheral groups to be incorporated in the MOF structure with less torsion
stress compared withMICPP.38.57 As such, all the reportedarboxylatebasedporphyrinic
Zr-based MOFsvith extendedigand (these ligands are shownhkigurel1.21) are isostructural
and havecubic networkswith 12-connected Zr SBU (NU-1102 (CPM-99),57: 72 PCN-22838
PCN-22938NU-1104>7 and PCN23(?8). PCN-230 has the largest porphyrin ligand among all the
reported porphyrinic MOFESThis MOF haBET surface area of 4455°fg andcubic cageoore
with thesize of 38A and is reported stable in a wide range of pH2)) which is attributed to the
high connectivity of the :2onnected Zrcluster This is in contrast witRCN-222 whichis made

of 8-connected Zrand isreportedto be onlystableunderacidic conditions.
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HO OH
E(’\;gnggZ)) (PCN-228)

(PCN-230)

Figurel.21 Porphyrirbased 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
/N -
=N HN-4
N, N R R
NH N
N
R R R

Figurel.22 (a) Structure of phthalocyanine showing the nitrogen atoms and phenyl rings compared with

(b) structure oporphyrin

PhthalocyaninegPcs)are conjugated macrocyclic moleculesth some structurasimilanty to
porphyrins However, phthalocyanineshave differences with porphyrins and aret found in
natural system& Compared with porphyrins, Pcs have four extra nitrogen atoms in the core
aromatic (porphyridike) ring and four arenes fused to the exterior of the ¢brgure 1.22);
therefore Pcs have higher thermal stability than porphyfihgesides Pcs aborb longer
wavelength radiation in the red regith ‘¢ Additionally, compared withporphyrins,the larger
conjugated systeraf Pcscauss stronger stackinghat resultsn aggregatiorand reduces their
solubility that can limit their gglications!4 UsingPcsas linkes in the synthesis dfIOFs to make
PcbasedMOFs (PcMOF), similar to porphyrinc MOFs, is an approach to take advantage of the
chemistry of Pcs in a micro/nano reactor environment while preventing aggredasblike with
PEMs andporphyrins, thenacrocyclic and rigid character of Pc makes this molecule an attractive

choice as ligand for the synthesis of lapgpee MOFs.
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MPc-1 MPc-2 MPc-3
M = Co, Ni, Cu, Zn, H, M = Fe, Co, Ni, Cu, H, M = Ni
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MPc-4 MPc-5
M = Fe, Co, Ni M =2Zn

Figurel.23 Phthalocyanindasel linkers used in the synthesis of PCMOFs.

Compared with the vast group of porphyrinic MOEsh er e arenot many
PcMOFsreportedAdditionally, the coordinating groupsn these Pc ligandse limited to diamino
and catechol (in symmetrically substituted P&&jth unsymmetrical ones, however, there are
threereports!’-’° but no crystal structure is reported for these M@Higure1.23 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 lisalbthe reported PcCMOFs, with their corresponding

application is shown iifable 1.1.
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Tablel.1 Reported PCMOFs.

Entry | Linker Node SSA Pore Size Application Ref.
A)
1 CuPcl Cu 358 14 Cathode foLi-ion battery 80
2 NiPc-2 Ni 593 - Electrochenital OER® 81
3 CuPcl | Fe, Co, Nij, 412 (Co) 15 Electrochenital ORR® and cathode fo] 82
Cu Zn-air battery
4 FePel Fe 206 14 Supeparamagnetiqroperties 83
5 CuPcl | Fe, Ni, Zn - - Cathode for Nd > battery 84
6 NiPc-3 Ni, Cu 174 (Ni), 267 - Chemiresistive sensing of NO, NH | 85
(Cu) and S
7 NiPc-1 Ni, Cu 101 (Ni), 284 - Chemiresistive sensing of NO, NH | 85
(Cu) and BbS
8 CuPcl Cu, Zn 378 (CuPel, 14 Electrochental CO; reduction 86
ZnPcl Zn2*SBU)
9 CuPc2 Ni 659 15 Supercapacitor electrodeaterial 87
10 CoPc2 Cu 349 (Co), 628 - Electrochental CO; reduction 88
NiPc-2 (Ni)
11 CoPcl Cu 582 (Co), 421 - Electrochental CO; reduction 88
NiPc-1 (Ni)
12 HoPc2 Cu 181 - Electrochental CO; reduction 88
13 HoPc1 Cu 364 - Electrochental CO; reduction 88
14 NiPc-1 Ni 180 12 Electrochental CO; reduction 89
15 NiPc-2 Ni 172 17 Electrochenical CO; reduction 90
16 NiPc-2 Ni 543 - Electrochenical nitrite sensing 91
17 NiPc-2 Ni - 12.3 Chemiresistive sensing of wateran( 92
CuP¢2 vocd
18 CoPcl Fe 1471 10.7,14.6 Electrochental CO; reduction 93
19 FePe4 Fe - - Electrochenital sensing of vanillin 79
20 CoPc4 Zr - - Visible light photocatalytic oxidation| 78
NiPc-4 of anthracee
21 ZnPc5 Zr 1789 10.8 Visible light photocatalytic oxidation| 77

of naphtholsto naphthoquinones

aspecific surface area
b oxygen evolution reaction
¢ oxygen reduction reaction

dvolatile organic compound

The first PcMOFRwasreported by Nagatonat al in 2018 where they used CuPasthe

linker and Cé*as the linking nodeRigure 1.24.8° This MOF has a-D structure where theD

layers are stdce d
d el o c adomugated system of Pc, combined with the Pc electroactive naittine bond

between catecholate and metal node, the formBdN2OF is electrically conductiveAs such,

t h-rougherf act 1-Dsysare tharnmdlBetaase on the large

mixed with carbon black, this MOgan beused as active material for the cathode eibhibattery.

In all of the reported PCMOFs when MBcMPc2, and MPe€3 are used as linke(Figure 1.23,
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and the node is a single metal ion that can form square planar complexes Witkethethe
synthesized PcCMOF has al2structure similar tdrigure 1.2481-°20ne of the most important
characteristics that makes this series of PCMOFs attractive is their conductivity; therefore, it is not
surpising that almost all the applications of these PcMOFs (except for one report, deetry

4in Table 1.1) is investigated in electrocheraicor electron conductivapplications

(@) (b)

X=0,NH

Figurel.24 (a) Structure of PcCMOF wittvi,Pc-1 orM;Pc2 linker andvi*node. b) PCMOF with NiPel
linker and Cé@'node showing stacked structure of the MBEprintedwith permission fromreferencess,

Copyright (2019) American Chemical Society

The firstand only 3D PcMOF, MOF1992, that has a wellefined crystal structumas
reported by Yaghand coworkersin 201923 Linker in this MOF is CoPd and the SBU is Fé
trimer Fe3(-C202-)s (OH2)2 that provides &onnection points along its axBigure 1.25).Although
Pc ligands in this MOF are isolated from each otherifDa3f r ame wor-k wnt ér aot i’
both the catecholatieon bonds and the Pc ligand have electron conductive properties; therefore,

MOF-1992 is the first electrically conductideD MOF that has molecular catalyst in its structure
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(CoPcis known for its C&reduction catalytic activity). As a result, MER92 mixed with carbon

black shows high electrocatalytic activity towards8€&luction to CO in aqueous solution.

Figurel.25 Crystal structure of MOA992 made of CoPRt and Fé' trimer. (a)Fe;(-C,0.-)s (OH,), SBU
(b) 3-D framework ofMOF-1992 showing @ poresAtoms are color coded. Fe is shown in blue,
Carbon: greyNitrogen: green, Co: orange, and Oxygeid: Reprintedvith permission frommeference

93, Copyright (2019) American Chemical society

Thefirst report of using carboxyle-based Pc ligand in MOF synthesis was in 2020 by Yu
and ceworkers’® Mixed ligand strategy is used for the synthesis of this MOF in wbw@Rc4 is
mixed with s BTB and ZrCl to yield PCN135(CeTCPC). BTB" forms 2D metal organic layers
(Figure 1.269 by coordinating to hexagonal planaicénnected Zr cluster (SBU is shown in
Figurel.2d). These coordinatively unsaturated gusters in the mentioned2 layers are pillared
by CoPc4 to make the PcMOHRigure 1.26h However, there is naingle crystal structure
characterization reported for this MOF. Considering the-lwredwn photocatalytic activity of Pcs,
PCN-135(CeTCPC) 5 used as heterogenous photocatalyst for the oxidation of anthracene under

visible light. In 202Q Peng et al. reported the use of FeHc as linker along with
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[FesO(OOCCH;)sOH]ARH.0 as themeal source to make a PcMG¥FAlthough no surface area
and MOF structure characterization except $oaming electron microscopy (SEM) and
transmissionelectronmicroscopy (TEM) images is reported, the synthesized PCMOF is used as a

porous electrocatalyst for the detection of vanillin.

(a) (b)

Figurel.26 (a) Structuwe of2-D metal organic layer showing BFRoordinated to ZrSBU. (b)
schematic illustratioof PCN-135(CeTCPC)showing2-D metal organic layers pillared [5§oPe4.

Reprintedwith permission from referen@, Copyright (2020) Wiley

The last report of using carboxtgebased Pc ligand in MOF synthesisnias2020 byWu
and ceworkers where they used ZnPe mixed with BBPDCas linkers and ZrGlas the metal
source to make Ui@7-ZnPc’” This MOF is formed by the partial replacementB#fDC* with
ZnPc5in the UiO67 structure Kigure 1.279. UiO-67 is a Ztfbased MOF that is composed of
BPDC* ligand and 1Zonnected ZrSBU (Figure 1.27h. BPDC and ZnPe5 have different
coordination modes; therefor,is likely that UiO-67-ZnPc has structural defectdowever,
powder Xray diffraction (PXRD)and SEM analysis indicate that U&Y-ZnPc has the same
structure and morphology (octahedron microcrystals) as that of6@iCAlthough no crystal

information is reported to prove that ZrBds incorporated as a part of the MOF backbone, even
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distribution of elements in the Ui®7-ZnPc which is evidenced by energy dispersivaaX
spectroscopyEDX) analysis is used as a proof to show that ZaFnot trapped or aggregated

in the UiO67. Finally, lightinduced generation of singlet oxygen from ZfPtigand in the
UiO-67-ZnPc is used for the photocatalytic oxidation of naphthols under visible light and in the
presence of @

(a) (b)

Figurel.27 (a) Crystal structure of Ui®@7 showing BPD€ ligand coordinated th2-connected Zt
Atoms are color coded as Zirconium: red, Oxygen: blue, Carbon: gray, and Hydrogen: white. (b)
Schematic illustration dfiO-67-ZnPc showing incorporation of Znfan UiO-67 structureZirconium
is shown in blueReprintedvith permission from referen@2, Copyright (2008) American Chemical

Societyandreferenc& 7, Copyright (2020Elseviet
1.6 Conclusion
The large variety of choices for inorganic and organic constituetis, further combined i
varying reaction condition¢gad toan extensivarray 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 vaaible parameters in MOFs synthesis can be tuned not only towards
application, but also towards understanding the strugtagerty relationship. This understanding
gives the chemist a high degree of insight regarding what structure factors are respontiele
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 rigicets that can be used for
the design and synthesisraésoporous MOFs. Among thigid macrocyclic linkersPEM and Pc
aremy interest These linkers arpoorly exploredin comparison tether macrocyclic linkers such
as porphyrinsFurthermore these likkers can be functionalized, and their size can be extended
making them an ideal platform for new chemistry with these linkéngrefore, vth thesenew
linkers there are opportunities to introduce numerous new MEDBgheir associated applications

to the field.
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2 Synthesis ofm-phenyleneethynylene macrocycle

2.1 Introduction

Figure2.1 Hexamem-phenylene ethynylene macrocycle

As stated irChapter 1to makdargepore MOFs that have stable structure.(does not collapse

upon removal of guest molecules from the pore) andim@npenetrated structure, thereby
providing as much pore volume as possible, one approach is to use ligands that are both large and
rigid. Shapepersistent macrocycle scaffoldsg, PEM shown inFigure 2.}, provide such an
opportunity®?- 94These molecules have very few degre€ conformation freedom that should

result in a more stable structure and are sufficiently large to prevent interpenetrefigarén?.1

Rn can bea desired coordinating group that provides connégtito the nodesln 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®? 6lwhich 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, PEMs have not been explored in the MOFs chemistry, foweapd report$0 61

there arendét ot her reports. of wusing such | ink
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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 reviexamples
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
intramdecular ring closure. There are several methods that this reaction can be accomplished. For
example, as shown Figure 2.2aalkyne metathesis in which exchange of substituents occurs can
result in the desired produt °¢It has been shown that this réan can result in as high @3%
yield using a single monomer compon&h&iven the fact that this reaction is a single pot reaction,
and it provides the potential to form polymers rather than a macroG@y@le yield is considered
to be excellent. The challenge with this work is that only a singeoRp 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 componentmmutereaction, cheists have explored
the ability to form these macrocycles using two different precuf$dt®Although this method is
prone to the formation of a mixture of different products and oligomers, controlling the reaction
conditions can produce the desired product. For elantwo monomer methods have been
attempted by Gleiter and sworker$® by tuning thesolubility of the precursors and controlling
the addition rate (5 mL/h) of a dilute solution (4 mM) of precursors to the catalyst mixture

(Pd(PPB)4 and Cul) over several hours to produce the macrocydiggire 2.2bwith 23% yield.
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Figure2.2 Onepot synthesis of PEMs. (alkyne metathds. (b) two-monomer approach.

2.1.2 Cyclization (double crosscoupling) between two precursors

In another approach to the synthesis of PEMst fiwo halves of the macrocycle are synthesized
separately through intermolecular coupliigen the macrocycle is synthesized through coupling
reactions between the two halves that require two new bonds t@%&?&iThe precursors are
usually reactedni dilute solutions (L0 mM) to decrease the chance of oligomer and polymer
formation. For example, Huang andworkers synthesized the macrocycle showRigure 2.3a
with 32% yield by the reaction between 1 mM solutions of precursors at the pres&tzélbb}

as catalyst and Cul as-catalyst!®! Likewise, Yamasaket al. synthesized the macrocycle in
Figure 2.3bby slow addition(0.054 mL/h)of a solution (10 mM) of precursdo the catalyst

(Pd(CHCN)CI2) to make the macrocycle Figure 2.3hbwith 24% yield1°2
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Figure2.3 Synthesis of PEM with cyclization between two precursors. DEG sQEED),CH,CH..

2.1.3 Ring-closure d a single component

Another method for the synthesis of PEMs isrihg-closure of a preassembled precurs#t+106

This is accomplished bslow additionof a solution of the precurseo the catalyst. The precursor

is synthesized in a seque&i approachby intermolecular couplingvith the desired length and
functionality. Intramolecular ring closuris donehorough a Sonogashira crassupling reaction

that entailstheformation of one new bond; therefore, compared with the other methods that was
discused in the previous sections, riatpsure is achieved in good yield, however synthesis of the
precursor needs many steps. For example, Moore amtiae@rs synthesized the macrocycle in
Figure 2.4avhere R =tert-butyl with 75% yield by slowly addin¢2.5 mL/h) a 11 mM solution

of the precursor to the catalyst mixture (Pd(dlaad Cul)l%In this example, synthesis of the
precursor involves 10 eps 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 macrocyélgyume 2.4avhere R =COOCE$

with 21% yield196 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(PRJa and Cu). 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 synthesaaacyclewith not
only the desired functiohgroups but also withhe desired sizeFor example, Moore and <o
workers synthesized the macrocycleé=igure 2.4bwith 70% yield by slow addition (2.5 mL/h) of
a 5 mM solution of the precursor to the catalyst mixture (PdfcHma) Cul)L%5In this example,
stepwise synthesis of the precursor involves 12 steps with 35% total yield to achieve the final

product needed for cyclization.

Figure2.4 Ring-closure of a prassembled precursor for the synthesis of PEM.
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With the different methods identified for the synthesis mfenylene ethynylene
macrocycles, we turn owttention to the synthesis of macrocycle and the required precursors.
Here we aimed at hexamer PEM ligaiig(ure 2.4awhere R =COOH groups.

2.2 Results and discussion

2.2.1 Synthesis options for making the PEM ligand

Among the discussed methods in the previagtiens, as options for the synthesis of PEM ligand,
alkyne metathesis is ruled out because we can't control the position of R group. i@t one
method based on two monomeisigure 2.5 is not an optimal approach either. Although the
synthesis is simplejt is prone to oligomerization and polymerization because it needs five

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

Os-OH

Figure2.5 Onepot synthesis of PEM followed by hydrolysis to make the PEM ligand.

As an alternative approacFkigure 2.9, the precursob can be synthesised in five steps.
Using this precursor, synthesis of the macrocycle needs two iaber one intranolecular
coupling reaction. Although still simple with seven steps in total and lower risk of side product
and polymerization compared with the gmat option in Figure 2.5 there is still risk of

polymerization with this method.
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Figure2.6 Stepwise synthesis of precursors for the synthesis of PEM ligand.

As discussed in thiatroduction sectionring-closure of a single component is a potentially
viable approach for the synthesis of PEMth good vyield. It is clear frorrigure 2.7that making
the macrocycle needs only one intnalecular coupling; therefore, there is a lower risk of side
products formation and polymerization compared with the previous options. However, starting
from compaind 2-4 (in Figure 2.§ but using a similar procedure reported by Miljanic ane co

workers, it requires 12 steps to make the ligand.

Figure2.7 Ring-closure of a single compent for the synthesis of PEM ligand.

The final option is cyclization between tw@recursors As is shown inFigure 2.8 this

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

bonds, one interand one intranolecular coupling to close the cycle.

Br

\/O

Figure2.8 Synthesis of precursors aogclization between twprecursorg2-3 and2-6) for the synthesis

of PEM ligand 2-7).

Comparing these options, we chogte cyclization between two precursors
(Figure 2.8 to placethreecarboxylic acid groupin a symmetrial fashion on the macrocycle
(compound2-7). This method for the ligand synthesis is shorter than other options (sepEn
can be done ifive potg and theoretically the cyclization can be done with relatively lower chance
of sideproducts formationvhile the synthesis done by Miljanic andemrkers requires 14 steps
in 14 pots to make the same PEM ligand (compo2ufl In the following sections we will first
discuss the synthesis of precursors needed for the finatlawapng reaction, then we élarate

on the cyclization reaction.
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2.2.2 Synthesis of precursors

2.2.2.1 Synthesis of 2

O8O0
Oy OH  EtOH,95°C, 24 h OyO~~ NH, @
[5 g - o o
H,SO Br Br
Br Br 2 Pd(PPhs)s, Cul, TEA NH, NH,
THF, 70 °C, Np, 24 h
2-1 2-2

Figure2.9 Two-step synthesis &-2. First step is esterification of 3dbromobenzoic acid to makel,

and the second step is Sonogashira ecospling betwee-1 and 3ethynylaniline.

o~ o wn O O [e)) - o~ o
- @ - o @ © < N <
oo} ~ ~ (o] =} O < ™M —
| | | | | | |
CH;

Ha
H, CH,
Hp
NH
H. 2
i Hd |
Hs J\\
i = =T = = S T T
1.9 1.0 2.0 20 1.9 2.0 2.0 3.8 2.9
8.1 78 2.2 71 70 69 58 B7 45 44 43 38 37 3615 14

Chemical Shift (ppm)

Figure2.10*H-NMR (300 MHz, CDC}) of compoun@®-2.

The synthesis d?-1 can be achieved in 92% yield under standard reaction condonsgashira

crosscoupling reaction o2-1 was done by using-8thynylaniline as reagenigure 2.9. Asit is
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common in the Sonogashira crassipling reactionsi®’ we used Pd(PRM as the P@catalyst,

Cul as cecatalyst, TEA as the base, and the reaction was performed under g)atr{fdsphere.

Under these conditions, the prod@e® was obtained in high yield of 81% as a beige powder.
H-NMR spectumof the product is shown iRigure 2.10with the chemical shifts of the assigned
protonsandthe correlated integrationBigure 2.1 showsa comparison of th&H-NMR spectum

to thoseof 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

synthesied successfully.
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Figure2.11'H-NMR (300 MHz, CDC}) of compoun®-2 (top) in comparison witthe spectrum of

starting material (middle arxbtton).
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2.2.2.2 Synthesis of 23

O8O

O 1) HCI, NaNO,, -5 °C, 1 h O
Z N g Z TN
@ @ 2)KI,-5°C, 1 h @ @

NH, NH,

2-2 2:3
Figure2.12 Synthesis o2-3 from 2-2.
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CH,
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Figure2.13H-NMR (300 MHz, CDCJ) of the produc®-3 (top) compared with the starting matega?

(bottom)
As it is shown inFigure 2.12 synthesis o2-3 from 2-2 goes through twastepsof onepot
reactiors. The first step is the formation of a diazonium intermediate by rea2thgith 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 resulie@-3 with 44% yield as a lighyellow solid.*H-NMR
spectrum of2-3 and its comparison with the starting mate@la2 is shown inFigure 2.13 It is

clear fromFigure 2.13hat the peak correlated to the amine protoriz®at chemical shift of 3.7
ppmdo not existn the spectrum a2-3. Additionally, due tothe electronegative iodo groups, there
Is a considerable shift of iHt, and H proton resonances, which are deshielded, as expected,
relative to the starting materiai2. Moreover, peaks integration correlati® the assigned protons

of the molecule show the expected values. Thus, we conclude2{hawas synthesized

successfully.

2.2.2.3 Synthesis of 25

(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
Figure2.14 Two-step synthesisf@-5. First step is esterification oftdomo-5-iodobenzoic acid to make

2-4, and the second step is Sonogashira erospling betwee-4 and 1,3diethynylbenzene.

After the synthesis 02-4 that was achieved in 81% yield, synthesi-& was carried out in a
gmilar fashionto the synthesis oR-2 using Sonogashira reactiofrigure 2.14. Although
compound2-4 has both the iodide and bromide groups, Sonogashira-@vapéing reaction on

the iodide side of the molecule proceeds much fa8teherefore, when 1;8iethynylbenzene is

the limiting reagent, the main produstz5. H-NMR spectrum of-5 is shown inFigure 2.15

with the assigned peaks and the correlated integratiamse 2.16hows the comparison between
the'H-NMR spectrum of the product with the starting materials. This comparison clearly shows

that compand 2-5 is synthesized successfully.
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Figure2.15H-NMR (300 MHz, CDC}) of compoun®-5 (top) and comparison with trepectrum of

starting materials (middle and bottom). The signal at 7.26 ppm sothent residual peak.

2.2.2.4 Synthesis of 26

2-6

2.5 2-5-1
Figure2.16 Synthesis route &1-6 from 2-5.

As it is shown in Figure 2.17 synthesis of2-6 from 2-5 needscrosscoupling reaction of
trimethylsilylacetylene with2-5 to make 2-5-1. Finally, the desilylation of the trimethylsilyl

groups ork-5-1 gives the produ@-6. Here we describe each step separately with more details.

50



TMS—=

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

2.5 2-5-1
Figure2.17 Synthesis o2-5-1from 2-5with Sonogashira crossoupling reaction betweeéh5and

trimethylsilylacetylene

Synthesis oR-5-1 (Figure 2.18 proceedsn a waysimilar to the previous Sonogashira
reactions already discussed in this thesis. Synthegi&-dfwas accomplished in high yield (96%)
and the product was obtained as a hghltow solid that was purified by column chromatography.
IH-NMR spectrum of theompound2-5-1 along with the spectrum of the starting mategid
with the assigned peaks and the correlated integrations are shbwgunra 2.19 The presence of
the strong peak at 0.26 ppm chemical shift that corresponds to the protondrohetisylsily|
groups of the compourizi5-1. Additionally, the observed changes in the chemical shift of all the
peaks related to the phenyl protons compared with those of the starting n#akatiastrate that
the produc®-5-1is successfully synthesized.

Although synthesis of bot5 and 2-5-1 were achieved in high yields (86 and 96%
respectively), based on our experience, maltgl starting from2-4 in a onepot procedure
(Figure 2.20 eliminates extra workups. This makes the synthesia-®fl easier ly doing the
workup only in the last step. For this purpose, the procedure discusSedtion2.2.2.3and
Figure 2.14 for the synthesis of2-5 from 2-4 was followed and subsequently
trimethylsilylacetylene and TE#ere added to the reaction mixture (norencatalyst was added).
This procedure resultad 2-5-1 with higher yield (94%) compared with the typot method (83%

total yield).
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Figure2.18H-NMR (300 MHz, CDC}) of compoun®-5-1 (bottom) compared with the spectrum of the

starting materia2-5 (top).

—>
! B TEA, PA(PPhy),, Cul, N, TEA, N,
THF, 60 °C, 7 h 24 h, 70 °C
2-4 2-5 2-5-1

Figure2.19 Onepot synthesis 02-5-1from2-4. The first step is done by Sonogashira caaaspling
betweer2-4and 1,3diethynylbenzene. The second step is done by adding trimethylsilylaceiyigne

TEA to the reactiopotcontaining2-5and catalysteom the first step.
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THF, room temp., 1 h

2-51 2-6
Figure2.20 Synthesis o2-6 by desylilation o2-5-1 using TBAF.
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Figure2.21*H-NMR (300 MHz, CDC}) of compoun®-6 (top) compared with the spectrum of the

starting materia2-5-1 (bottom)

As illustrated inFigure 2.21 the synthesis 0f2-6 was achieved through desilylation of
2-5-1 with tetrabutylammonium fluoride (TBAF) that resulted2-6 as a white solid with 55%
yield. TH-NMR spectrum of compoun26 along with the spectrum of the startigép-1 with the
assigned peaks and the correlated integrations are shokgure 2.22 It can be seen that the

peak at 0.26 ppm corresponding to thmethylsilyl groupsof the starting materiad2-5-1 cannot
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be found in the spectrum of the prod@e6. Instead, as expected, a new peak at 3.16 ppm
corresponding to the acetylene proton is observed in the spectrum of the [ Bxsides,
phenyl probns of the produ@-5 are slightly shifted compared with the starting matexigtl.
All of this evidence, as well as the relative peak integrations, indicate the successful synthesis of
the compoun@-6.

With the successful synthesis of the startingemals 2-3 and2-6 that are required for the
synthesis of the PEM ligand, as illustrated in the gersataémen Figure 2.8 we proceeddto
the more challenging step whichtgesynthesis of the macrocycle through coupling betweenthese

two precursors.

2.2.3 Synthesis of the macrocycle -B-1

2-3 2-6 2-6-1
Figure2.22 Synthesis of macrocyca6-1with crosscoupling and cyclization between two precursors

2-3and2-6.

As it was discussed iSection2.2.], our strategy for the synthesis of PEMhe crosscoupling
between two precursors. For this purpose, we synthesized combBaisl2-6 as the precursors
of PEM. Sonogashira cressupling between these two composnalas carried out to make the
PEM. For this purposewe slowly addeda solution ofcompound2-6 to a mixture of the catalyst

anda solution ocompound2-3.
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Figure2.23H-NMR (500 MHz, CDCJ) of 2-6-1.

The synthesis was performed under&hd the cyclization reaction was performed under
reaction conditions similar to literature (temperature, concentration range, and aisgriofe
pump for the slow addition of the precurst¥)101. 102,105 10Gyijth these measurgsompound
2-6-1 was obtained as a white solid (purified with column chromatography) in 19% yield.
IH-NMR spectrum o2-6-1 is shown inFigure 2.24and illustates the assigned protons with the
corresponding integrations. Comparison betweefHRHEMR spectrum of one of the macrocycles
synthesized by Moore and -wmrkers?® (Figure 2.4avhere R =tert-butyl) and our PEM shows
that the spectrum of both moleculsantaingpeaks witithesame coupling patterns for the phenyl
protons. Likewise, comparing thel-NMR spectrum of the macrocycle synthesized by Miga

and coeworkers® (Figure 2.4awhere R = COOCE}) with our PEM shows that the peaks
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correlated to the phenyl protons of both moleculasehchemical shifts similar to each other.
Furthermore, the order of these proton resonances with the correlated integrations are #se same
our synthesized compoui2e6-1. Figure 2.25hows théH-NMR spectrum of the PEM compared
with the specurm of the precursors. It can be seen that the chemical shifts pfaten resonance

of the product are different from those of the precursors used in the reddtitmese 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)

Figure2.24H-NMR (500 MHz, CDC}) of the macrocycl@-6-1 (bottom) compared with th'¢d-NMR

(300 MHz, CDCY}) spectrumof thestarting material2-6 (middle) and-3 (top).

2.3 Conclusion
We synthesized a macrocyclimolecule 2-6-1) from which a macrocyclic viker (2-7) can be
made. This macrocyclic nker can be used for the synthesis of lapgge MOFs in which
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interpenetration is avoided, therefore larger pores and high surface area can be achieved. The
overall yidd for the synthesized macrocycle molec(26-1) is 6% which is comparable to the
overall yield (5%) for a similar moleculd=igure 2.4aR = COOCH)) previously reported by
Miljanic and ceworkers. However, our method involvBsstepsand can be achieddan total of 6

pots while synthesis reported by Miljanic is done in 13 steps and 13 pots. Thevetoreur
approachsynthesis of the macrocyclimker2-7 can be achieved in a more facile way compared
with work reported by Miljanic. While the goal ttie project was to deprote&6-1 and utilize it

as a linker in MOF synthesis, shortly after our synthesis@&fl. was completeMiljanic and co
workerspublished twaepors of the use of the deprotected macrocycle as a linker were reported
with the nales that we were interested in explofidl Althoughthe surface areasbtained are
lower than what is expectadhich is as reported by the authodsjeto collapse of the framework

in the case of ZMCMOF andincomplete activation in the caseZs¥MCMOF, it could bepossible

that the stacking of PEM itself dictates the SBdhnectivity and therefore the structure of the
resultant MOF. This suggest that there is still room for improvement by the synthesis of a
substitutedPEM linker to prevent aggregatiomnd obtain a different MOF topology with
potentially higher surface aredlowever, with regard to thew yield of thePEM (2-6-1) we
synthesized in thithesisand the twdMOF reportsby Miljanic and ceworkers 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 usedowitficatton.
IH-NMR spectra were recorded on a Bruker 300 MHz AVANCE IIl or Bruker AVANCE

500 MHz spectrometenssing CDC4 as the NMR solvent.
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2.4.2 Synthesis of 21

O OH
? CHaCH,0H, Hps0,  Ox©
Br Br  95°C,24h Br/é\Br

4.46 g 3,5dibromobenzoic acid (15.5 mmol) and 110 mL anhydrous ethanol, along with a
magnetic stir bar were added to a 250 mund-bottom flask RBF). The solid was dissolved by
stirring the mixture then 2.0 mL of conceatied 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 colieed dichloromethane extracts were washed with 3x50 mL of aqueous
solution of 2.0% sodium carbonate (made by dissolving 5.0 &sin 250 mL deionized water)
then the organic solution was dried with Mg§@nd the solvent was evaporated using rotary
evamrator to obtain 4.37 g produ2tl as an offwhite solid (14.2 mmol, 92% yieldH-NMR

(300 MHz, CDC4) U 8J=1.8 HZ,2#), 7.84 (t,J= 1.8 Hz, 1H), 4.39 (¢ = 7.1 Hz,2H),

1.40 (t,J= 7.1 Hz,3H).

2.4.3 Synthesis of 24

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

14.8 g 3broma5-iodobenzoic acid (43.9 mmol) and 250 mL anhydrous ethanol, along with a
magnetic stir bar were added to a 500 mL RBF. The solid was dissolved by stirring the mixture
then 5.6 mL of concentrated sulfuric devas added to the flask and the solution was heated under

reflux for 24 h. Aworkup procedure similar to what was done for the syntheit whs followed

58



to obtain 12.6 g produ@4 as an offwhite solid (35.5 mmol, 81% yield}H-NMR (300 MHz,
CDCh)U(t, J= 1.5 Hz, 1H), 8.13 (] = 1.6 Hz, 1H), 8.03 (t)= 1.7 Hz, 1B, 4.38 (9, = 7.1 Hz,
2H), 1.40 (tJ=7.2 Hz, 3H).

2.4.4 Synthesis of 22

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 of2-1 (4.00 mmol) 91.7 mg Pd(PP$)4 (0.0794 mmol), and 16.1 mg Cul (0.0845 mmol)
along with a magnetic stir bar were added to a 20 mL vial. The vial was sealed with a crimpable
septacontaining cap, and subsequently sparged using a needle punctured through the septa with
N2; a second needl@as pierced through the septa to vent the gas. In a second 20 mL vial was
added 1. 1600 g -ethgnylaniine ¢(0.90LnmmoI0ande2l2 ML & dry TEA. The vial
was crimped and sealed with a sepbataining capUsingacanula approximately 15 mlof dry
tetrahydrofurar{THF) was transferred to the vial using: §jas to pressurize the transfer. Once
dissolved the contents of this vial were then transferred to the first vial wsoannula transfer
using N> as the carrier gas and thereby ensurirag tihe 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 toroom temperature, the vial contents were poured into 100 mL deionized water in a beaker
and the product was extracted from the mixtweth dichloromethane. The collected
dichloromethane extracts were further washed with 3x50 mL deionized water themgahe o
solution was dried with MgS£€and the solvent was evaporated using rotary evaporator to obtain

1.45 g crude produ@-2 as a beige solid. The crude product was further purified by column
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chromatography as follows. The crude prod@e 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:ethylacetg1:1:1:2), and subsequent solvent evaporation resulted in 1.23 g
product2-2 as an offwhite solid (3.23 mmol, 81% yield}H-NMR (300 MHz,CDC3) 4 8. 12 ( c
J=1.6 Hz, 2H), 7.82 (tJ = 1.6 Hz, 1H), 7.15 (tJ= 7.8 Hz, 2H), 6.95 (dt] = 7.7, 1.2 Hz2H),

6.87 (ddJ= 2.3, 1.4 Hz, 2H), 6.69 (ddd= 8.0, 2.5, 1.0 Hz, 2H), 4.41 (4= 7.1 Hz, 2H), 3.72

(s, 4H), 1.42 (t) = 7.1 Hz, 3H).

2.4.5 Synthesis of 25

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

THF, 60 °C, 7 h

2-4 2-5
2.434 g of2-4 (6.86 mmol) 81.2 mg Pd(PP (0.0701 mmol), and 20.4 mg Cul (0.107 mmol)
along with a magnetic stir bar were placed in a 20 mL M@ vial was sealed with a crimpable
septacontaining cap, and subsequently sparged using a needle punctured through the septa with
N2; a second needl@as pierced through the septa to vent the lgaa. second 20 mL vial was
added 393 mg ( aretbynyibdnzeAaed(H02 eningl), ahd, 1372 g (around 1.7 mL)
of dry triethyamineThe vial was crimped and sealed with a semataining cap. Using aaoula,
approximately 15 mL of dry THF was transferred to the vial usipngds to pressurize the transfer.
Once dissolved, the contents of this vial were then transferred to the first vial using a cannula
transfer using Mas the carrier gas and therebyg@mg that the sealed vial was under an inert
atmosphereThe vial was heated and stirred in an oil bath at 60 °CHarsing a hot plate equipped

with a temperature probe. The reaction was followed by TLC (hexanes:ethylacetate 2:1) . After
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cooling dowrto 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 ordatianseas

dried with MgSQ, and the solvent was evaporated using rotary evaporator to obtain 1.50 g product
2-5 as a yellow solid (2.59 mmol, 86% yi¢ldH-NMR (300 MHz, CDC4) U t8 = 17Hz(

2H), 8.12 (tJ = 1.5 Hz, 2H), 7.85t(, J= 1.7, Hz, 2H), 7.72 (tJ = 1.7Hz, 1H), 7.56 7.49 (m,

2H), 7.38 {,J=7.6Hz, 1H), 4.41 (qJ = 7.1 Hz, 4H), 1.42 (] = 7.1 Hz, 6H).

2.4.6 Synthesis of 23

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 mg2-2 (1.01 mmol) was added 80250 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 NajN@.3 mmol) dissolved in 3 mL iee

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 browtinsg. 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 iceold water. This solution was added dropwise to the RBF in the ice bath,
and it was stirred for 30 min. Then a solution of 88 NaHSQin 2 mL deionized water was
added to the RBF at room temperature and it was stirred; this reacted with any farmed |
Subsequently, 100 mL deionized water was added to the flask and the product was extracted with

dichloromethane. Therganic solution was dried with MgSQand the solvent was evaporated
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using rotary evaporator. The crude product (dark brown sticky substance) was purifedrg
chromatographysing hexanes:ethylacetate with the ratio of 1:0 then 95:5 as eluenly,Rinal
solvent was evaporated using rotary evaporator to give 269 mg p@8as a lightyellow solid
(0.447 mmol, 44% yieldH-NMR (300 MHz, CDC4) G 8J=1.8 Hz( aH), 7.91t(J=17
Hz, 2H), 7.82 ¢,J= 16Hz, 1H), 7.70 (d, J= 8.0, 14Hz, 2H), 7.50 (dtJ= 77, 1.3 Hz, 2H), 7.11
(t, J=7.9 Hz, 2H), 4.42 (q) = 7.1 Hz, 2H), 1.43 (] = 7.1 Hz, 3H).

2.4.7 Synthesis of 25-1

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 of2-5 (3.50 mmol), 91.8 mdrd(PPh)4 (0.0795 mmol) and16.3 mgCul (0.0855 mmol)

along with a magnetic stir bar were placed in a 20 mL M@ vial was sealed with a crimpable
septacontaining cap, and subsequently sparged using a needle punctured through the septa with
N2; a second needle was pierced through the septa to vent tHa gasecond 20 mL vial was
addedl . 21 g ( ar trimethylsilyla8etylOne(E211 )nmo) and2.2 mLof dry TEA. The

vial was crimped and sealed with a sepdataining cap. Using a canukgpproximately 15 mL of

dry THF was transferred to the vial using §ls to pressurize the transfer. Once dissolved, the
contents of this vial were then transferred to the first vial using a cannula transfer pasghs

carrier gas and thereby ensuritgt the sealed vial was under an inert atmospfiée 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 dowmto ro
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 wasddwith MgSQ, and the solvent was
evaporated using rotary evaporator to obtain a brown sticky crude product. The crude product was
purified bycolumn chromatographysing hexanes:ethylacetate (1:12) as eluent. The solvent was
evaporated using rotary evaptor to obtain2.06 g product2-5-1 as a lightyellow solid

(3.35 mmol, 96% yield}H-NMR (300 MHz, CDC§) U 8J=1.8 Hz(2H), 8.08 (tJ=1.6

Hz, 2H), 7.80 (tJ= 1.6 Hz,2H), 7.71 {,J= 16 Hz, 1H), 7.54i 7.48 (m,2H), 7.36 (t,J = 7.6 Hz,

1H), 4.40 (q,J = 7.1 Hz, 4H), 1.42 (t) = 7.2 Hz, 6H), 0.27 (s,8H).

2.4.8 One-pot synthesis of 25-1

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

2-4
3.246 g 0f2-4 (9.14 mmol) 108 mg Pd(PP#$)4(0.0935 mmol), and 27.2 mg Cul (0.143 mmol)
along with a magnetic stir bar were placed in a 20 mL Viad vial was sealed with a crimpable
septacontaining cap, and subsequently sparged using a needle punctured through the septa with
N2; a second needl@as pierced through the septa to vent the lgaa. second 20 mL vial was
added 524 mg ( adretbymylbdnzefed(002 eningl), athd, 1562 g (around 2.2 mL)
dry triethyamine.The vial was crimped and sealed with a sequataining cap. Using a cala,
approximately 15 mL of dry THF was transferred to the vial usingds to pressurize the transfer.

Once dissolved, the contents of this vial were then transferred to the first vial using a cannula
transfer using Was the carrier gas and thereby emgyu that the sealed vial was under an inert
atmosphereThe vial was heated and stirred in an oil bath at 60 °C liarsing a hot plate equipped

with a temperature probe. The reaction was followed by TLC (hexanes:ethylacetate 2:1). After
cooling down toroom temperature, 2.2 mL drfEA and 2.1 g (around 3.2 mL)
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trimethylsilylacetylene(21 mmol)was added to the vial through the septa seal using syringe and
needle. The vial was then backfilled with Bihd heated and stirred in an oil bath at 70 °C for

24 h. The reaction was followed by TLC (hexanes:ethylacetate AftEy cooling down to room
temperature, the vial contents were poured into 100 mL of a saturated aqueous soNki€lof

and the product as extracted from the mixture by dichloromethane. The collected
dichloromethane extracts were further washed with deionized water then the organic solution was
dried with MgSQ, and the solvent was evaporated using rotary evaporator. The crude product was
purified bycolumn chromatographysing hexanes:ethylacetate (1:12) as eluent. The solvent was
evaporated using rotary evaporator to obtain 2.32 g progitel as a lightyellow solid

(3.77 mmol, 94% vyield based on dJ&thynylbenzene).

2.4.9 Synthesis of 26

TBAF

2-5-1 2-6
3077 mg of2-5-1 (0.5004 mmolalong with a magnetic stir baras 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 ®BAF solution the reactionsolution 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 reacton 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 aslngin chromatographwith
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silica gel as stationary phase (the crude product wasodded 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 produt6 as a white solid (0.2763 mmol,5% yield).
'H-NMR (300 MHz, CDC}) U 8J.=1.8 Hz( 2H), 8.12 (t) = 1.6 Hz, 2H), 7.81 (t) = 1.6

Hz, 2H), 7.73 (tJ = 1.7Hz, 1H), 7.%-7.49(m, 2H), 7.37(t, J = 7.6 Hz, 1H) 4.41 (qJ = 7.1 Hz,

4H), 3.16 (s, 2H), 1.42 (8,= 7.2 Hz, 6H).

2.4.10 Synthesis of 26-1

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 oR-3(0.107 mmol) was dissolved in 10 mL dry toluene, then this solution was transferred
to a 500 mL RBF along with a magnetic stir bar. 5.2 mg(dfzh} (0.0054 mmol, 5.0 mol%),

4.4 mg Cul (0.022 mmol, 21 mol%), add.4mg PPh (0.0435 mmol) were added tioet 500 mL

RBF. Then the flask was evacuated and filled witlghks 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 sursealed bottle) was transferremla 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 @6 (0.0969 mmol) was dissolved in 60 mL dry toluene, then this

solution (L.62mM) was taken to abmL syringe (inner diameter 29.2 mm) underdiimosphere.
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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 flowz@fad was maintained
though the flask. After the temperature was stabilized, the solution in the 60 mL syringe
(containingl.62mM 2-6) was added to the 500 mL RBF through a stainless steel canula (fit into
the syringe) wusing a pr ogr amma birl(this sstyngdelivggse p u mg
around 26perhaumaad 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 thedurct 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 féred to obtain 77 mg of a grey solid. The crude product was purified using
column chromatographwith silica gel as stationary phase and dichloromethane:hexanes gradient
as eluent (started with 7:3, finsthwith 100% dichloromethane). After evaporatings Solvent,

15.1 mg producp-6-1 was obtained as a white solid (0.0185 mmol, 19% vyiéld)NMR (500

MHz, CDCk) U 8J=11B HZ,68), 7.88 (t,J = 1.6 Hz,3H), 7.75 (td,J = 1.7, 0.6 Hz3H),

7.55 (ddJ= 7.7, 1.6 HzpH), 7.39 (dddJ= 8.1, 7.4, 0.6 HA3H), 4.44 (9,J = 7.1 Hz,6H), 1.45

(t, J=7.1 Hz,9H).
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3 Synthesis ofphthalocyaninelinkers

3.1 Introduction

As stated irChapter 1one of the ways to preveinterpenetrations to utilize sterically crowded
ligands. Macrocyclic ligands like phthalocyaning$igure 3.} provide such an opportuniti?cs

share similar structural properties with porphyritig® 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 metabased catalysis and photochemistry, but with a differeamical/electronic
environment igure 3.). Despite all these characteristiegith the exception o& few reports of
PcMOFs since 2018Chapterl), Pcsas ligands foMOF building blocks havaot been well
explored. However, if similar ligand featuresidae designed for Pc as in the existing porphyrin
literature, then it should be possible to acdesMOFswith similar structural characteristics to

porphyrinic MOFs

R

Figure3.1 (a) structure of porphyrin showing the common substitution points. (b) Pc showing the

common substitution points.

The challenge with Pggelative to porphyrins, is th#tteir planarity and larger conjugated
systemcause stronger stacking, and isu EgThisid e motn  a
problematic in some applicatioiis.g, catalysis and photochemistrglated applicatior)sbecause
only the surface of the aggregate can be addreadtdugh Pcs are synthetically matainable

than porphyrins, they have lower solubility in common organic solvént88 This makes
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purification and characterization of these molecules diffifuither limiting their applicationsin

Pc chemistry, aggregation can be greadlguced by introducing solubilizing groups onto the
periphery of the core (R grpa inFigure 3.). 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 bgrjporating Pcs ira MOF framework

Much similar to porphyric MOFs,the inclusion of these macrocycles into a porous structure
enables researchaistake advantage of the chemistry of Pcs in aomanoreactor environment

This produces a high density of active singth large pores and high surface arefor various
applications while preventing aggregation.

Despite therationalf or using Pcdés in MOFsisnotaadotofChapt e
PcMOFs. Comparatively, porphyiinMOFs have been widely adopted by many research groups
for applications in photocatalysis, electrocatalysis, biomimetic catalysis, biomedical, and
sensingf?2 The challenge here is in the symmetry ofvRgorphyrins, coupled with the structural
features necessary for a good MOF linker are not as readily available rigtos (3.). Itis not
to say that PcMOFs ka not been made, but they amestly limited to diamino and catechol
based Pcs (Chapter With a focus on MOFs,maidealPc linker would contain carboxylic acids
(or other MOFbased 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 abily to (a) easily install longer linkemsr linkers with different carboxylic acid
substitution patterng={gure 3.2¢ and (b) easy adah functional groups for different chemistry;
the diamino and catechbhsed Pcs do not easily offer these features.

Looking atFigure 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 resulizisythenetric
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porphyrin. Similarly, it is easy to see hpara-substitutecbn themesecarbons of theorphyrins

can generate the idead-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 siGilar C;
symmetric linker.Substitution on one of the carbon atoms may yield the Fgure 3.D, but it

may also result in one tifireeother isomersat least two of which are not ideal for MOF synthesis
In contrast, the related porphyrin would produce just one isdfigareé 3.1 Thus, for PcCMOFs

to reach their full potential, we must firsttéemine 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

Figure3.2 (a) Synthesis of a porphyrin. (b) synthesis of a et 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 ea[h substituted RcOne method is to
utilize electrophilic aromatic substitution chemistry on existing Pizpi(e 3.321°°The challenge

with this approach is that the low solubility of unfunctionalized Pcs and the number of available
substitution sites leads to a complmixture of products. The second methalies on the
tetracyclization reactioto form the PcKigure 3.3).108.109n thismethod, 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 careldormed. Furthermore, as shownFigure 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 prochuetitb ri
opportunities. For this method, tetracyclization of phthalonitriles is one of the most common
methodsln this synthesisusually a high boiling alcohol like-fpentanol is used dkesolvent As

shown inFigure 3.4 an excess amount &f8-diazabicyclo[5.4.0Junde@-ene (DBU) is usedto
deprotonate the alcohol and form the alkoxide {R& The formed alkoxide initiates the
cyclization by nucleophilic attack to the phthaitrile, forming monomeric
alkoxyiminoisoindoleniné!! This isoindolenine goes on a sequence of nucleophilic attacks with
phthalonitrile molecules to make dimeric, and trimendolenine intermediates. Tetrameric
indolenine can form by either the attack of a trimeric intermediate to a phthalonitrile molecule or
by seltcondensation of two dimeric indolenirféinally, the tetrameric intermediate goes through

a nucleophilic attackof the imide group to the aryl ether, which necessitates aeteatron
reduction reaction of the ring uponriegy cl i zat i on to yield 18° el e
aldehyde (from the leaving ether) as the oxidation producthé presence of a metaini
coordination by the indole nitrogen at any time can lead to a desirable templaté¢heitiehgs

the reactants in close contact with each otihethe right orientation to form a metalated

phthalocyanine (metallophthalocyanine, MP&)
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Figure3.3 different routes to the synthesis of substituted phthalocyanine. (a) Electrophilic aromatic

substitution (b) Tetracyclization.
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Figure3.4 Mechanism of the formation of metiaée and metalated (not shown) phthalocyanine from

1

phthalonitrile. The addition of a metal cation can lead to a template effect from m&@8ecward.
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Although the cyclization reaction is the preferred mettaygbroducing Pc/MPc, it castill
form a mixture of isomer@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 femisomers. If the precursor of the cyclization
reaction is symmetrically substituted, then the tetracyclization reaction provides synthetic
flexibility to make a single isomeklVith a focus on MOF ligandshe tetracyclization of nitriles
where the isoindle ring contains one carboxylic acid for MOF formation, can lead to four potential
isomers. In principlelinkerswith DshandD2nh symmetry Figure 3.5 have the potential to form
MOFs due to their higher symmetry, but the other two isomers are likelydeak for MOF
synthesis. This requires the separation of thedolubility isomers, and the formation of wasteful
undesired products.

With the different methosl for the synthesis of substituted phthalocyaimi®atified, we

turn our attention to making @hthalonitrilethat has the necessary featui@sMOF chemistry
without the possibility for isomers.

é%@* O G
S, 5 Y

Dyp Coy Cs Dan
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Z
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\
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Figure3.5 Isomeric mixture in the synthesistetrasubstituted carboxylate phthalocyanine from

cyclization reaction.
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3.1.2 Design of the targetlinker

R
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Figure3.6 Phthalocyanine ligand with symmetrical R substituted. ExamglBsgooups are presented but

S/ N\

(4

are not limited to these groups.

To circumvent thanentionedproblems associated with tipdthalocyanine tiker, 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 épment of the field of PCMOFs by enabling the
tailorability of the linker. To achieve thisye chose dinkerwherethe structure of the substituted
Pcligand would have a fivenembered ringusedto theindole ringof the Pc Five membered
heterocyclicrings (e.g, pyrrole, indole, thiophene, and imidazokeyuld result in a symmetric Pc
that would not yield isomers. Ultimatelymidazole(Figure 3. 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 imidabalstel
MOFs. If left unfunctionalizeddr metal coordination, the R groupigure 3. can be used to
introduce functionality to the pore of the MOF. If functionalized with the focus of installing a
carboxylic acidcontaining group in the Rosition, 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 ifrigure 3.6 The particular focus will be on the design and kgsis of two families
of Pc linkers.The first familyoccurs when R = H. In this case, the metal nodes of the MOF can
only be coordinated via the imidazole nitrogens. Imidabalsed MOFs have been weltplored
with simple imidazoles i. imidazole, nitoimidazole, methyl imidazole), but complex
imidazoles such as Fmidazole Figure 3.6vhere R = H) have not been explored. MOFs that rely
on imidazoles as the metal connection points are known as zevidigzolate frameworks (ZIFs)
due to the similaM-imidazoleM bond angles (145°) to that of -&-M angle in zeolitegwhere
M is the metal ion}13 114n the second family of MOFs, the R group will be a benzoic acid (R =
-CéH4COOH). 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 binoixi@en donor groups rather than nitrogen
donor groups.
3.2 Resultsand discussion

3.2.1 General synthesis route to the Pc ligands

Figure 3.7gives a generadchemeof the routes that were explored for the synthesis of Pc ligands

in this thesis. As it is shown in this figure, two pathways (path&vagpd pathwafd) were explored

to reach3-3. PathwayA first focuses on the synthesis that results in the desired inkdand
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 conditéwa 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 ifrigure 3.3b The disadvantage is that the cyanation reaction condition is

harsh, which may meilt in a low yield. Pathway, on the other hand, aims to first make
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4,5diaminophthalonitrile %-2) and subsequently introduce the necessary imidazole. The
advantage here is that on8€ 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 \
H2N: : :Br “ ;t'\ ":C(
HoN Br R-<l\\l CN Ny / N N

Pathway B
HZN]@ECN
HoN CN

Figure3.7 General synthesis route to phthalocyanine ligand with symmetric coordination sites.

In brief, after many attempts for the synthesis3&¥ using pathwayA, the difficulties
associated with the extraction &3, and the low purification yield, pathway was eventually
abandoned. While disappointing, the chemistry that was learned in pathwegs directly
amendable in pathway. PathwayB resulted in the formation 8-3 that was easier to extract
from the reaction mixture in a shorter time with a higheldy Finally, phthalocyaninerker 3-4
was synthesized from cyclotetramerization3e8. The following sections will discuss details of

each pathway and the synthesi3@f from 3-3.
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3.2.2 Synthesis of benzimidazophthalonitriles using pathway A

(a) (b)

H

N Br
CHsCOOH — ]@(

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
FOS T HOXXL,,
3-1-2

Figure3.8 (a) Synthesis of benzimidazole derivatives (b) synthesis of the bisulfite adduct.
As discussed in the previous sections, benzimidazole derivatives are good aswsdaktcursors
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 tHeatdg
moieties, we needed to make two kinds of benzimwtka precursors. With the commercially
available4,5-dibromobenzend,2-diamine and weltknown synthetic procedures, we synthesized
3-1-1 and3-1-2 (Figure 3.8a)Details of the synthesis of each are discussed accordingly.
3.2.2.1 Synthesis of 31-1
Condensation ob-phenylenediamine or its derivatives with aldehydes or carboxylic acids is
among the most common method in the synthesis of benzimidaZol€¥Here we synthesized
3-1-1 with 77% yield through a condensation reaction betwkBiibromobenzend,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 condepsatéactions. To work up the reaction, the contents of
the reaction wereoured into dichloromethane&Subsequently, a 0.5 M aqueous solution of

NaHCOswasadded to the mixture and stirrealneutralize the excess acetic adide product was

extracted with dichloromethamesulting in ayellow-orange powder obtained a77%yvyield. The
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product was characterized B{-NMR (Figure 3.9. The NMR of3-1-1 is consistent with what
we would expet A new resonance at 2.48 ppm is consistent with the formation of a methyl
imidazole, the aromatic protons ateshieldeds would be expected, and a broad resonance at

12.48 ppm is present for the®l proton of the imidazole.

~N
s
[t

—4.88

H,N Br
NH,
HoN Br

—12.48
—7.85
2.48

" JAQ
i U
1.0 2.0

12.612.512.412.3 8.1 8.0 7.9 7.8 6.8 67 66 65 5.1 50 49 48 47 26 25 24
Chemical Shift (ppm)

Figure3.9 *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 31-2

In contrast with3-1-1, which was a simple condensation reaction between a carboxylic acid and
o-phenylenediamine, the condensation reachetweeraldehydes needs to be carried out under
oxidative conditions and often require bubbling air (oxygen) or using copper(ll) acstate

oxidant!1>117While 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 these methods, we utilized a previously reported method that produces

a stable bisulfite3-5 in Figure 3.8p.118121The bisulfite can be easifiprmed 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 MAiRker-synthesis manifold.
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Figure3.10*H-NMR (300 MHz, acetone) of 3-1-2 (top) and comparison with the starting
material (bottom).
Preparation of the bisulfite addu&t%) from methyl 4formylbenzoate was done at room
temperature in high yield (94%) via the reaction between an ethanolic solution of
methyt4-formylbenzoate and an aqueous solution of sodium metabis(fiteire 3.8b) The

reaction forms an immediafarecipitate that can be easily isolated by filtratidre product was
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not characterized due to its limited solubility in common NMR solvéfiigh the3-5 in hand, we
synthesized-1-2 by reacting3-5 and 4,5dibromobenzend,2-diamine in DMF at 120 °C wth
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 produceyepale solid with a 71%
yield. The resultant product was characterized YNMR shown inFigure 3.10.

Figure 3.1Ghows the stackeldH-NMR of the purified producs-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 acetongaHd H, peaks are broad but resolved from those of H
and Hy; the integration gives thexpected integration &1-2. We further explored thtH-NMR
of 3-1-2 in DMSO-ds that is shown irFigure 3.11(bottom). This spectrum shows integration of
the product peaks yields tlH® protons but thearyl region is difficult to interpretin the aryl
region, we see three regions. Faraid H 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 benzimie apation (Hiand H) 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 Hand Hi. This observation is comparable to th&NMR spectrum o8-1-2 in
deuterated acetone (top spectrunfrigure 3.1}, where two broad peaks associated wittahl
Hpat 7.95 and 8.09 ppm are observed, but the AB spectrumcfamdiH; is reserved. To further
explore this, we repeated thE-NMR with a drop of DSOsto enable the rapid exchange of the
N-H protons. As shown in the middle stack of the spectrugrartd H, protons coalesce into a

single sharp peak at 8.32 ppm downfield relative tcathé-free specuum. Furthermore, the AB
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spectrum of the benzoic acid component is restored. Therefore lth&8dR spectum verify the

formation of3-1-2. Thus,we turned our attention to the dinitrilation of these two compounds.
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Figure3.11'H-NMR (300 MHz)of 3-1-2 in acetoned; (top), DMSGds+one drop RSO, (middle),and

in DMSO-dg (bottom).H. and H, overlap at 8.13 ppm in the bottom spaotr

3.2.2.3 Nitrilation reaction

For the synthesis of Pc with theethod shown ifFigure 3.7 we need a phthalonitrile derivative
asour precursor 3-3 in Figure 3.7. One of the most common methods to produce a phthalonitrile
is via the Rosenmun®on Braun reactioA??- 123Under the conventional reaction conditions,
CuCN and a high boiling polar solvent such as DMF is usually used to convenndii@nzene
derivatives to phthalonitrile derivativeBncouraged bynalet al. work,124who repored on the

synthesis of benzimadzophthanitriles from the dibratedvatives of thiscompound, we

80



investigated this reaction for the synthesi3&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
4 a Hmsr - 50 NJC(CN
NMP, Ny, 190 °C, 1 h

3.1-2 3-3-2

Figure3.12 Nitrilation reaction on dibromobenzimidazole derivatives.

Onal et al. used microwave irradiationfor converting dibromobenzimidazoles to
benzimidazophthalonitrie;stead of direct heatint*which is conventionally employed in the
RosenmuneVon Braunreaction. They claimed #tRosenmune/on Braunreaction fails under
conventional conditions, as reported by otherstdbdut when microwave is used, the desired
product is obtainable. Despite this report, we aimed to explore the dinitrilation react8si+bn
and3-1-2 using conventional heating, but under other conditions similar to those repo@ethby
et al. Unfortunately, the reaction for makiry3-1 failed under these conditions. Following the
reaction by TLC showed that the starting material was fedigsumegbut no sign of product
formation was observed in tAE-NMR. The!H-NMR indicated a complex mixture of materials
formed.

Apart from the work byOnal et al, which is the only report on the dinitrialtion of
benzimidazole derivatives that are not substituedhe nitrogen atonthe literatureis not rich
when it comes toRosenmuneé/on Braun reactionon molecules bearing benzimidaloe.
Pardoet al. reported that theynthesis oflH-benzimidazoleés,6-dicarbonitrile (B in Figure 3.13

from 5,6-dibromo1H-benzimidazole A fails.!?3 Instead, the mononitrilated product

81



5-bromo1H-benzimidazoles-carbonitrile  C, was isolatedin 70% yield No explanationis
provided on why dinitrilation of A is not possible Interestingly, the authorgeported that
dinitrilation wassuccessfulwith 57% yield,whenN-substituted compounB is usedinstead of

A.

H CN
& j@[ Fails
CuCN N CN
B
Br

H R: R
A N Br  CuCN N CN
Y : «]@[ —_— 57%
r N Br N CN
A H

70%
Br

c

Figure3.13 Some of the nitrilation reactions reportedeferencel 23on dibromo benzimidazoles.

Interestingly, our initial reactions on thBnitrilation of 3-1-2 gave a small amount of
3-3-2 that was just enough for characterization Hy-NMR. 'H-NMR (top spectrum in
Figure 3.14 shows that the Hprotons peak were shiftetbwnfield with respect to the parent
material with considerably less shifting ol lnd H (as expected). This indicated that the
extracted solid was the desired prod8@&-2; however, the yield was negligible. We used the
original workup proceduresported byOnalet al. to separate the product. This workup involves
treating the crude product mixturgvith 16% ammonia solution for 3 h, filtering,and then
extractingthe solidwith dichloromethane using Soxhlet overnight. Either siinthetic pathway
or the workup was insufficient as only a few milligrams, just enoughHeXMR 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 lomtHe success of the project, but theNMR

proved that the extracted solid3s3-2. Therefore, this synthesis shows that despite the negative
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reports, it is possible to do dinitrilation witRosenmuneVon Braunreactionon at least some

benzimidazole devatives 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 dinitrilatidgiorreac

(synthesis oB3-3-1 failed while the maximum vyield fd-3-2 was 25% in 18 tries). Therefore, we

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

yields.
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Figure3.14H-NMR (300 MHz, DMSQds) of 3-3-2 (top) synthesized using pathwayand

starting materiaB-1-2 (bottom).One drop RSQ, 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 pathwa is the dinitrilation of the parent
4,5dibromobenzend,2-diamine compound to form3-2. Given the challenges with the
dinitrilation step on dibromo benzimidazoles in pathway this approach puts the more
challenging chemistry as the first step, and d2es in hand, then the existing chemistry, which
was demonstrated to work for pathwaycan be applied.
/ H
) O~
5*(:** 3-3-2

NMP, Ny, 120 °C, 5 h

HoN Br CuCN H,N CN
HN::::B B ]::[
2 " NMP, N, 140°C, 17h 2N CN
3-2 Ny, 100 °C, 90 min

HCOOH H CN
X
N~ e

3-3-3
Figure3.15 Alternative route for the synthesis of benzimidazophthalonitriles.

In our early attempts, RosenmunevVon Braun reaction on
4,5dibromobenzend,2-diamine was performedn DMF at 140 °C forl5-17 h based on a
previously reported method?®: 126Workup of the crude product reported by Raarsd ceworkers
requires washing the mixture with 9&mmonia solutionto removethe copper iond2® The
ammonia was necessary as it had to substituta&nthat was acting as a ligand on the copper
ions The reaction for makin@-2 (Figure 3.1% 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 th&osenmuneon Braun reaction on

4,5dibromobenzend,2-diamire. One of the challenges that result in the low yield iddahg and
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tediousworkups The workup requires that the reaction product be poimteda 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 lossesGiven 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

Figure3.16 Dinitrilation of 4,5-dibromobenzené ,2-diamire reported by Fauand ceworkers in

referencel 27.

Faust and cavorkers report a reliablend consistent 23% total yield over three sths
thedinitrilation of 4,5-dibromobenzend,2-diamire (Figure 3.16.127 Alternatively, Youngblood
reported a 55% vyield from Rosenmuk@n Braun reactioA?® In their procedure, the
4,5-diiodobenzend,2-diamine is used instead o#,5dibromobenzend,2-diamine However,
from our experience with the Rosenmuyidn Braun reaction, the limiting factor is the workup of
the material rather tila t he act ual chemical transformatio
improvement  of diiodo groups over dibromo groups). Youngblood used
ethylenediaminetetraacetic acid trisodium s@ltasEDTA) to chelate the copper salts while
bubbling oxygen into the reaon to oxidize any copper(hackto copper(ll). Given this, we opted
t o utilize Youngbl oodds synt hetic pat hway
N-Methyl-2-pyrrolidone(NMP)r at her t han DMF as the reaction
report) and air (Youngblood used oxygen) to oxidize the copper(l) to copper(ll) followed by
chelation using N&EEDTA, we could obtan yields ranging 53-79% (pased onrsix tries). This

procedure is consistently better than previous work on the RoseAvdom&raun reactiort2>127
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Figure 317 shows'H-NMR of 3-2 anda comparison with the starting materiadicating the

reaction was successful.
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Figure3.17 *H-NMR (300 MHz,acetonedg) of 3-2 (top) andcomparson with startingnaterial (down)

With 3-2 in hand we were able to synthesi3e3-2 using the existing chemistry described
in section3.2.2 for the synthesis 08-1-2. A workup procedure similar to that 8f1-2 was
performed on the crude prod8:8-2to give a lightyellow solid. Over 10 tries, ayield of 5%
was observed for this reactioRigure 3.150p). Figure 3.18hows'H-NMR of 3-3-2 synthesized
usingthe pathwayB method The 'H-NMR spectrum inFigure 3.18shows the same peaks with
the corresponding integrations and chemical shifts as the spectrum obtained3-8@m
(Figure 3.14top spectrum}hat was synthesized with pathway These results show that the

synthesis 08-3-2 in pathwayB was successful and with a good vyield.
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Figure3.18H-NMR (300 MHz,DMSO-ds) of 3-3-2 synthesized using pathw8y One drop SO, was

added to the solvent

3-3-3 was synthesized by the reaction betw8ehand formic acid that acts as both the
reagent and solvenFigure 3.1%o0ttom). To workup the crude product, the cold reaction mixture
was poured into 0.8 M NaHColution to netralize 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% vyielffigure 3.1%hows!H-NMR of 3-3-3.
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Figure3.19'H-NMR (300 MHz, DMSQds) of 3-3-3.

3.2.4 Pc synthesis and characterization
With the successful synthesis 38-2 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 syntiB-band
NiPc2 ligands that belong to the imidazophthalocyanines fa(figure 3.20. However, due to
the mentioned ifficulties in the synthesis and purification of precurs@< (and3-3), there are
not many examples of imidazophthalocyanines synthésis24 12834

The synthetic pathway used in this work MPcH is shown inFigure 3.20and involves
two steps. The first step is tetracyclization3e3-2 to form MPcl. The second step is the basic
hydrolysis of MPcl followed by acidification of the carboxylate salt in the mixture to form

carboxylic acid PcNMIPcH). Synthesis oNiPc2, on the other hand, involves only one step, which
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is shown inFigure 3.20bHere we first discuss the synthesisMPcl andMPcH followed by

NiPc2.

(a) wq ¥©/E wq {Q/E
DBU, MCl, ) KOH:THF, 85 °C, 24h >): \ N 5

O/ HJCECN
N CN 1-pentanol, 145 °C, N, 3days 7; M :él YHCI, r.t., 24 h g"\ M N {
3-3-2

MPc1 MPcH
M=Co, Ni M=Co, Ni

FN HNT\
HN N
H ,N /
<N CN DBU N|C|2 \ ,N
\ l \
N CN 1-pentanol, 145 °C, N,, 3 days N
NH

LR
3-3-3 NiPc2

@)

Figure3.20 Synthesis of imidazophthalocyanine ligands with (egador in carboxylic acid (b)-donor

in imidazole bearing groups.

3.2.4.1 Synthesis of NiPcl

Our initial tries for the cyclization oB-3-2 thatwere carried out in regular-dentanol at the
presence of Cu(C¥O0RAH0 or Cu(CHCOOY and DBU failed(9 tries, no strong color,
indicative of the formation of Pc was observe8ince the role of DBU is the formation of
alkoxides in sitywe rationalized thathe 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 &h@ICoCl (we didn 6 t

89



use copper salts due to their propensity tahiggroscopi¢, fresh pentanol, fresh DBU, and
preheated glassware that was cooled under a nitrogen gasAlBoavresult of these measuras,
dark green mixturé¢hat is indicative of the formation of a R@s observed\iPcl formationwas
observed in the reaction vial after A4To 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 aador 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 esriFinally, the dark green product was
washed with hexanes and then with 1M HCI solution (to dissolve any 1uick&hining particles).
Therefore, nder the mentioned reaction conditioasd after purifying the sample by washing
with organic solvents48-87% vyield (10 tries) foNiPclas a shiny black solid was achieved

UV-Vis spectum of Pcs is one of their most characteristic feates!24. 128 129, 1351
Because of their -cemubaccd sysgeain, Fc8 hawe ladight nmolarnextiriction
coefficient (L molL. cm) and show strong absorption in the UV (around-380 nm) and far
red region (60&/50 nm) of the spectrum. These two regions are known as-taedBQbands,
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 oftiaed) For example, metal
free Pcs show a split-Qand, while the equivalent metalated Bpears as a single peak. Peripheral

substitution of the Pc macrocycle can also affect the splitting of than@. For instance, if the
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metalated Pc macrocycle is asymmetrically substituted g\emmthe metalate@-band might also

appear as a split pedkurthermore, aggregation of Pc molecules causes broadening obredQ)

while isolated Pc molecules result in a shargapd. Aggregation of Pc molecules and the
associated effects on the adsorption spactrccurs from the electronic interactions betwengs

of Pc molecules, which causes perturbation of the electronic structure. Thus, a lot can be learned
from the U\-Vis of Pcs.

UV-Vis spectum of NiPcl measuredin chloroform and concentrated sulfuric adsl
shown inFigure 3.211In chloroform(Figure 3.28), broadening of the @and is evident. UWis
spectum of the same compound dissolved in concentrated sulfuric Bigdré 3.2b) shows a
sharp and single Qand peak. Comparing these two WAS spectra, we can conclude that
broadening of the @and in chloroform is a result of aggregation. Additionally, observation of a
single peak in the @and region is indicative of a symmetric and metalated Pc which is expected
from the synthesis dfliPcl.

Another feature of the acidisolvedNiPclis that the Gband shifts to loger wavelength
(lower energy). This is a result of the protonation ofifesenitrogens of the porphyrazin ring,
as well as the nitrogens of imidazoles. The shift dfad to lower energy has bepreviously
reported for imidazophthalocyanins. The molar extinction coefficient for thar@ calculated
from spectam in Figure 3.21is 1.1x10° mol/L. cm which is in good agreement with the typical
values for Pcs. Therefore, from the BXis investigatio, and comparing the speatn with the
most similar Pc molecules in literatui&,we conclude that the measured spauotfor NiPcl is
consistent with what would be expected from a pure samgi&Rafl. With these results, we are

confident that we have a pure material that can be hydrolyzed to make the MO FNiifda )
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We will again discuss further characterizationNoPcl and otler products inFigure 3.2Cafter

discussing th& PcH synthesis.
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Figure3.21 UV-Vis spectumof NiPclin (a) chloroform (bH,SQ..

3.2.4.2 Synthesis of MPcH
Deprotection oNiPcl was performed under the mentioned reaction conditiokRgyure 3.20In
brief, deprotection was performed in KOHHF mixture followed by acidification by HCIto make
NiPcH. We used our slightly modified washing protocol fPclto separate and purifyiPcH
from the reaction mixture. As sucWwe obtainedNiPcH asashiny black solidvith 33-41% yield
(8 tries).

Given the washing protocol we developed fordbparation and purification & Pcland

MPcH is long and identical, subsequent synthesi81BicH occurred with deprotection of the
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crudeMPcl. This synthesisvas done by adding KORHF mixture to the reaction mixture from

the first stepKigure 3.2@) and heating under reflux for 24followed by introducing excess HCI
solution to the flask and stirring at room temperature for.24shsuch, the overall yield fame
potsynthesis oNiPcH was 3861% (threetries) Thereforetheonepotmethod resultg in NiPcH

with a higher yield (minimum 38%jvith considerably lessvorkup comparedwith the two-pot
synthesisthat resulted in a maximum 36% yield and significantly longer warHRiapsynthesis
CoPcH, we used th@nepot synthesis procedure as thatMiPcH (but with CoCh instead of
NiCl2) and the same purification protocol that resulte@aPcHas a black solid witR6%yield

(one ty).

3.2.4.3 Synthesis of NiPc2

Synthesis oNiPc2involves only one step. This reaction goes through the same reaction conditions
as that oiNiPcl (Figure 3.20lh 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 puoeeding our protocol,

we noticed thaNiPc2had lower solubility in DMF than other Pcsin 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 damregn 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
rationalzed that becausiiPc2 can protonate through the four imidazole nitrogens and it is a
smaller molecule thaNiPcl, the resulted charged molecule madiBc2 soluble dissolved in

1 M HClwhile NiPclwas insoluble under the same conditions. The green solution was neutralized
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with KOH solution to precipitate a green solid. UltimatéWyiPc2 was obtained as a black solid
with 73% yield.
3.2.4.4 FTIR analysis of NiPcland NiPcH
Perhaps unsurprising, despite allu r efforts, w e MEBcd andBIARTE tvith c har ac
IH-NMR. We tried to use both NMR 300 MHz and NMR 500 MHz, different solvents (gDCI
acetoneds, and DMSQdes), add a few drops of pyridine (to prevent aggregation), and adding drops
of D2SOy, but none of these measures could help to acquire a seHs$ibl®R spectum. This
issue has been previously reportdody Ona et al. for the structurally similar
tetraimidazophthalocyanieA3! We attribute this to theggregation and the low solubility of
tetraimidazophthalocyaniné$! This is likely one of the primary reasons why this class of Pcs
have received considerably less attention in the literature. The only repotts-NRR for
tetraimidazoPcs that have the closest similaritiiRc1are for diamagnetic Zn, Mg, and free base
tetraimidazoPcs with either propyitsubstituted imidazoles or pentyl substituted on the imidazole
carbont?3. 128, 1310 gl these cases, it is the role of substituents and the central metal atom that
increase the solubility, reduce the aggregation, and make observintH{N&R spectum
possible.

In order to obtain more details about the structure of the synthd3zetharacterization
of NiPcl was further carried out witlattenuated total reflectan€®urier transform infrared
(ATR-FTIR) spectroscopyWe used FTIR primarily to identify if all of the methyl carboxylate
ester groups iNiPclare hydrolyzed to carboxylic acid groupNiPcH. This characterization is
important because for the synthesis of PcMEhe Pc fiker should have four carboxgliacids
to form the desired MOF structure (similar to tetracarbgoyphyrinic 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. AHRR spectumof NiPcl, NiPcH, and a sample

of partially deprotectepartially hydroyzed to carboxylic acidare shown irFigure 3.221n the
ATR-FTIR spectum of NiPcl (the blue spectim), we observed one band assigned to the C=0
stretching at 1710 ¢ and two bands for the-O stretching; one at 1269 cnfior the GO of the
carboxylate, and the other one at 1105'dior the GO of the methoxy group. Additionally,
stretching vibrations fasp® hybridized GH from themethylgroup of the ester are clearly showing
in the 28562953 cm! region. Comparing the spectrumMiPcl with NiPcH (green spectim in
Figure 3.22, the most obvious difference between these two are the absened b&i@is in the
28502953 cmt region and the absence of th&dand at 1269 and 1105 ¢€nm NiPcH spectrum.

In a sample thatis partially deprotected (partially hydrolyzed to acidpectrunin Figure 3.22,

sp?® C-H stretching in the 2852953 cmt region, and GO stretching at 1269 chmare 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 HlRRspectra in
Figure 3.22is a slight shift of the C=0 stretching from 1710-tm NiPc1, which containsan
ester to 1695 cmt in NiPcH, which containsa carboxylic acidand a shift of the © stretching
from 1269 cmt in NiPcl to 1223 cmt in NiPcH. This shift isexpected for carboxylic acids

compared with esters.
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Figure3.22 ATR-FTIR spectumof NiPc1(blue),NiPcH (green), and partially hydrolyzed sample (red).

The marked regions show 282053, 1710, 1695, 1269, 1223, and 1105cm

3.2.4.5 Mass spectranetry analysis of MPcH, and NiPc2

In this thesis electrosprayionization mass spectrometry ESI-MS) and laser desorptionmass
spectrometry (LBMS) was performed oMPcl, MPcH, andNiPc2. Massspectrumof NiPcH

(Figure 3.23 was measured using laser desorption as ionization source (no matrix used) in positive
mode. FOMNIPcH an exact mass of 1210.2 is expected (r@wgpecies). As such, the signal at

m/z = 1210.0 is due to the molecular ion M What is interesting in the maspectumshown in

Figure 3.23s 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 froMiPcH molecule, respectivelyTable3.).
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Figure3.23LD-MS spectrum oNiPcH. This spectrum shows the molecular ion signal at m/z = 1210.0 as

well as signals for sequential loss of carboxylic acid groupsiistoH at 1166.0, 1123.0,1077.9, and

1033

9.

Table3.1 Fragmentation pattewbserved in.D-MS spectrunmof NiPcH.

ion Observed mass Exact mass
[MA* 1210.0 1210.2
[MA-HACOOHA* 1166.0 1166.2
[MA2HA2COOHA* 1123.0 1122.2
[MA3HA3COOHA* 1077.9 1078.2
[MA4HA4COOHA* 1033.9 1034.2
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For the ESIMS analysis olNiPcH (Figure 3.24, it was determined that negative ion mode
would be the ideal method to ionikBPcH since it could rapidly lose one proton from the ligand.
However, it was necessary to set the skimmer voltage at higher than ndi@aV/ (while a typical
anaysis is done at20 V) to get a signal. Indeed, when electrospray ionization was performed in
negative mode, a predominant ion signahdit = 1209.2, consistent with the fM*] ion was
observed. The signal at/z= 1231.17 was correlated f{dl-2H*+Na']" (exact mass = 1231.17).

Due to the high electrospray voltage, some fragmentation was also observed. As such, the signal

atm/z = 1164.19 was correlated to fM*-COOHJ* (exact mass = 1164.19)

Intens. ]
x108] 1209.18686

1.251
1.005
o.?sf
0.505

0.251 1164.18902

1195.18195 1231.16874
] ‘ [ | 1187.19176 L | | 1223.20438
0.00 ' — o —

1160 1170 1180 1190 0 B0 120 Bz
Figure3.24 ESI-MS (in negative mode) spectrumMiPcH. This spectrum shows tiiil-H*]- ion signal

atm/z =1209.19.

ForCoPcH, an exact mass of 1211.2 is expected. Therefore, the sigmé at1211.6 in
the LD-MS spectumin Figure 3.25corresponds to the molecular ion/JM Similar toNiPcH, we
can observe afragmentation patternGePcHthat can be correlated to the successive loss of the

carboxylic acid group$Table3.3.
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Figure3.25LD-MS spectrunof CoPcH. This spectrum shows the molecular ion signatat=1211.6
as well as signals for sequential loss of carboxylic acid groupsGoircHat1167.6, 1123.5, 1079.5,

and 1035.4.

Table 3.2 Fragmentation pattern observed.iD-MS spectrunof CoPcH.

ion Observed mass Exact mass
MA* 1211.6 1211.2
[MAHACOOHA* 1167.6 1167.2
[MA2HA2COOHA * 1123.5 1123.2
[MA3HA3COOH] * 1079.5 1079.2
[MA+4HA4COOHA 1035.4 1035.2

ForNiPc2, an exact mass of 730.1 is expected-MB spectum of NiPc2in Figure 3.26

shows the molecular iofMA4* signal as the predominant peak. Compared WNiRcH,
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significantly less fragmentation was observed, which is expectedNiBe® owing to its smaller

size and less labile bonds.
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Figure3.26 LD-MS spectrunof NiPc2 This spectrum shows the molecular ion signah&t=730.0

3.3 Conclusion

We syntheszedtetraimidazophthalocyaniertbat can be used agid linkers for MOFs synthesis
These linkers can have different metal cations coordinated in the cavity of thwl€cule;
therefore different functionality can be introduced to the target MOF. We showed synthesis of
two family of these Pbased linkersThe first one is designed tavefour imidazole groupsas
thecoordinating groups to the metal iottet makes the MOHhis provides the opportunity for

the synthesis of the first class of ZI#smt haveimidazophthalocyanineas linker The second

family has four carboxylate groups in symmetrical fashion on the Pc 46tk this linker the
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carboxylic acid can coordinate to the metal idhis provides opportunity for the synthesis of
carboxylate baseBcMOFs 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 spectromasing
acetoneds, CDCk, DMSO-ds, or DMSOds + 1 dropof D2SOs as the NMR solvent. DMS@s
was used as the lock solvent for the latter.

LD-MS was recorded on a BrukeltraflexTOF/TOFmass spectrometer.

ESI-MS was recorded on Bruker ApexQe 9.4T FTICRThe 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 spe¢rawererecorded using Bruker Tensor 27 FIR equipped with ZnSe MIRacle
crystal.

3.4.2 Synthesis of 3

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

A 250 mL round bottom flask (RBF)vas chargedwith 5.34 g methyl 4ormylbenzoate
(32.5 mmol)and a magnetic stlvar. 100 mL 95% ethanohasaddedto the flaskand stirred to
completely dissolvethe solid In a separate beaker, 3.2 spdium metabisulfite (N&20s)
(17 mmol) wasdissolved in 20 mL deionized waté&odium metabisulfite solutiomvas added

dropwise to the stirring solution in the RBBFpon addition of 8dium metabisulfite solutigrthe
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Solutionin the flaskturns cloudy and a white precipitate gradually forfgsally, 50 mL more
ethanolwasadded to th white precipitate theflask andit wasstirred. The RBFwasplaced ina
fridge. The RBF contentavassuction filtered andvaswashed with180 mL cold ethanolThe
white solid wasdft onfilter paperto dry.When dry,8.23 gproduct3-5 was obtained@s awhite
powdery solid(30.7 mmao] yield = 94%).

3.4.3 Synthesis of 31-2

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 adduct3-5 (3.50 mmol) 832 mg
4,5dibromobenzend,2-diamine (MW = 265.94 g/mol, 3.13 mmglLO mL DMF, and a magnetic
stir bar. The RBF wascapped witrseptathen heated in an oil bath at 120 for 4 h using a hot
plate equipped withtemperature prob&he flask was removed from the oil bath defd to cool
toroom temperaturénce cooled, dionized watewasadded to the yellow mixture in the reaction
RBF untilit wasfilled. Using suction filter the yellow mixturewas isolated as a yellow solid on
filter paper, which wasvashed with 50 mlof deionizedwater The yellow solid waseft to dry
onthesuction filterand further died in a vacuum oven at 80C overnight.Once dry,1.027 g
yellow solid was obtained. Thedry yellow solid was further purified bypouing 100 mL hot
ethanolin a beaker containing the yellow sotidenit wasstirred with stirring rod After being
chilled, the mixture wasuction filtered, anthe obtained lighyellow solid wadinally dried ina

vacuum oven at 8T overnightOnce dried905mgproduct3-1-2 wasobtainedas ayellow solid
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(2.21 mmo) yield = 71%). IH-NMR (300 MHz, acetoneds) U4 (& 8.8 Hz, 2H), 817 (d,
8.9 Hz,2H), 8.09 (s, 1H), 7.95 (s, 1H), 3.94 (s, 3H).

3.4.4 Synthesis of 31-1

. " CH3COOH B "

Brjc[NHz — Brﬂ'\?_

120°C,2h H
3-1-1

An 8 mL vial waschargedwith 427 mg4,5-dibromobenzend,2-diamine (1.61 mmol), 2.5 mL
glacial acetic aci@44 nmmol), and a magnetic stir barhe vial was sealed with a crimpable septa
containing capThe vialwas therheated in an oil bath at 12C using a hot plate equipped with
atemperature probélhe reaction was followed by TLC (ethyl acetate: methanol &ftgr 2 h,
the vial was removed from the oil bath ah@asleft to cooldownto room temperaturdhen te
vial contentwaspoured into50 mL dichloromethane then 100 mL NaH&$@lution (made by
dissolving 15 g NaHCegin 350 mL deionized watewasadded to the mixtur®llowed bystirring
until foaming stopped. The mixtur&as poured intoa separatory funnel anthe product was
extractedwvith dichloromethane. The combined organic layers were washed twice with water then
it was dried over MgS@ followed by gravity filtering.Finally, the slvent wasremoved using
rotary evaporatoto obtain360 mg product 3-1-1 as ayellow-orange powder1(24 mmol,
yield = 7®6) compound 'H-NMR (300 MHz, DMSQds) U 12. 48 ( s, 1H), 7.
3H).

3.4.5 Synthesis of 32

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 wernadittidually chargedwith 1.298 g
4,5dibromobenzend,2-diamine (4.881 mmol) 1.817 g CuCN20.29 mmol) 13 mL NMP (that
was previously sparged withzNor 15 min), and a magnetic stir bdihe solution in theseials
were stirredand subjected teonicaion. The vial was sealed with a crimpable sepbataining
cap, and subsequently sparged using a needle punctured through the sepipavatitdhd needle
was pierced through the septa to vent the Bemlly, these vialsvere heated in an oil bath at
140°C for 17 h The vials were removed from the oil bath and edtb room temperature. Before
opening the sealsis a precaution, thaals were vented with a syringe needle in the fume Hood
help release any builip pressure inside the viaContents of all vials were mixed in a 500 mL
beakerand diluted with 120 mLof DMF. Two 1 L Erlenmeyer flaskseach containings0 g
NagEDTA, and 300 mL deionized water, were heated while stirring on two hot plates until all
solids dissolvedThe diluted reaction solution was separated into two equal fractions which were
decanted ito the each of the 1 LErlenmeyer flasksontaininghot N&EDTA solution. The
mixtures were heated while stirring vigorously on hot plates equipped with temperature probe with
the solution temperature set on . Meanwhile, air was bubbling into the solutions using an
aquarium air pump (air flow was split to bubble in bésks at the same time). Afterl

100 mL of hot deionizedwaterwas added to each flask and the heating/stirring /bubbiiag
continued for another zh. After this, the hot plates were turned off and the reaction mixture left
overnight in the fume hoodrhe ®lution componentof both flaskswas decanted into darge
beaker 100 mL ethyl acetateasaddedto the solid component in each Hdenmeyerflask and
sonicatd with manual stirring to dislodge the solid. The solid wasnisolated withsuction

filt ration The filtrate was retained to potentially retrieve more product added to thdarge

beaker. The combined solutiomas extractedwith ethyl acetate in sevebatchesusinga 1L
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separatory funnel (3x50 mL ethyl acetate used for each bdtuéde ombined organic layers
were washed with 7x150 mbf deionizedwater and then with 5x90 mL of saturated NacCl
solution, or until an aqueous fraction was colorléHse organic fraction was thendried over
MgSOs andfiltered toremove solid impuritiesThe organihase was concentrated under reduced
pressure with rotary evaporatiofhe resultingsolid wasfurther dried ina vacuum oven at 88C
overnightto give 3.27 g product3-2 as abeige powde(20.7 mmol,yield = 53%). 1H-NMR
(300 MHz,acetoneds) u 7. 04 (s, 2H), 5.37 (s, 4H) .

3.4.6 Synthesis and workup of 33-2

0504

- +
HO”“SO3 Na
3-5

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

NMP, 120 °C, 5 h, N,

3-2 3-3-2
Fourdry 20 mL vials eachwere chargedwith 914 mg3-2 (5.78 mmol) 1.76 gbisulfite adduct
3-5 (6.56 mmol) 11.5 mL NMP, and a magnetic stir bdhe viak weresealed with a crimpable
septacontaining cap, and subsequently sparged using a needle punctured through the septa with
N2; a second needle was pierced through the septa to vent tligngagals were heated in an oil
bath at 120C using a hot plate eqaped 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 séladsjials were vented carefully withsyringe
needle in the fume hood. The vial contg@ight brown solution containing yellow precipitat@as
emptied into a 500 mL beaker then 300 mL deionized wadsaddecdto the mixturewith stirring

and finallythe mixture wasentrifuged. The yellow slid collected from the centrifugeibes 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@®vernightto give 4.12 g product

3-3-2 as dlight-yellow powder(13.6 mmol, yield =59%) 'H-NMR (300 MHz, DMSQds) U 8. 50
(s, 2H),8.39 (d, 8.8 Hz, 2H), 8.17 (d, 8.8 Hz, 213)91 (s, 3H).

3.4.7 Synthesis of 33-3

NH, HCOOH NC

NC N
XX - X
NC NH, NC N

100 °C, 90 min, N, H

3-2 3-3-3

A dry 8 mL vial was chargedvith 255 mg3-2 (1.61 mmol) 3.2 mL formic acid85 mmol) and a
magnetic stir bar. Theolution in thisvial wasstirred and subjected teonicaion, The vial was
sealed with a crimpable septantaining cap, and subsequently sparged using a needle punctured
through the septa withd\a second needle was pierced through the septa to vent tAdngasgal
wasthenheated in an oil bath at 100 using a hot plate equipped wéahemperature probe. The
reaction was followed by TLC (hexanes: ethyl acetate Bftgr90minutes the vial was removed
from the oil bath andt wasleft to cooldownto room temperature. Before opening the seal, the
vial was vented carefully with a syringe needle in the fume hidoal viak contenswere decanted
into 150 mL NaHCG@solution(made by disolving 10 g NaHC®in 150 mL deionized water).
The resulted mixture wasuction filtered. The solid on the filter paper was dried further in a
vacuum oven at 80 °C overnigtd obtain137 mgproduct3-3-3 asa beige powde(0.815 mmol,

yield = 51%). 'H-NMR (300 MHz, DMSOds) & 8. 72 (s,. 1H), 8.47 (s,
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3.4.8 Synthesis of NiPcl

*Q Jj

DBU, NiCl, /

N:’ :NH 1-pentanol, 145 °C, N, 3 days /&L

3-3-2

NiPc1
A dry 20 mL vial wascharged with660 mg3-3-2 (2.18 mmol) 160 mg NiC} (1.23 mmol)
11 mL ZPentanol, and a magnetic stir bar. Hodution in ths vial wasstirred and subjected to
sonicaton. The vial was sealed with a crimpable sepbataining cap, and subsequently sparged
using a needle punctured through the septa witlaBecond needle was pierced through the septa
tovent the gaghe vial waghenheated in an oil bath using a hot plate equippedatimperature
probe for 10 min at 143C, then the vialvascarefully vented with a syringe needle in the fume
hoodtoe | ease t he pof@B& 6.3 mmaol)medsOrédbygngictopipettewasinjected
into the vial usinga syringe and needléfter heatingthe vial at 145°C for 66 h, the vialwas
removed from the oil bath antdwasleft to cooldownto room temperaire The vial was/ented
with a syringe needle before opening the,smad itscontens wereemptied into a centrifugeibe
and15 mL of DMF wasadded Thecentrifugetube was sonicated th8mmL of ethyl acetatevas
added to the solution to precipitaiet phthalocyanines as a green solithis green solid wathen
isolated fronthe mixtureby centrifugation Theaddition ofDMF, sonicaton, addingethyl acetate
and centrifugtionwas repeated until the decanted solution was colorless or was very light brown
in color. Next, the solid was washed wiBx30 mL hexanes, centrifuged, and decantetlowed

by the addition 085 mL 1M HCI to the green solidfollowed bystirring the miture overnight at
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room temperature to dissolve any remaining nickel partidiée next day, thignixture was
centrifuged,and solution was decantedhe remaining solid was washed three times with
deionizedwater and centrifugedthen water was decantechd the solid was dried ia vacuum

oven at 80°C overnightto obtain330 mg NiPcl as a darlsolid (0.260 mmol,yield =48%).

3.4.9 Synthesis of NiPcH from NiPcl
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A 100 mL RBF washarged witi330 mgNiPcl (0.260 mmol) 25 mLTHF, 25 mL 2M KOH,
and a magnetic stir barhen theRBF washeated in an oil batwith refluxing at 85°C for 24 h.
Aftercooling downto room temperatu@) mL DMFwasadded to the brown mixtuie the RBF
followed bystirring the mixture an@ddingl5mL ethyl acetate. The mixture was centrifuged and
decanted, then the soleastransferred into a 100 mL RBF. 75 nof 1 M HC| was added to the
solid in the RBFandit wasstirred at room temperature overnighhe next day, the mixture was
centrifuged ad decantedefore addindl5 mL DMF to the solid in the centrifugelbe. The
centrifugetube wassonicated, then 8 mL ethyl acetatas slowly added to precipitate the
phthalocyanine as a green solithe procedure of adding DMF and ethyl acetate, followed
centrifugation and decanting was repeated until the decanted solution was colbdesslid’'was

washed three times witheionizedwater and centrifugedhe water washendecanted and the
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solid was dried ira vacuum oven at 80C overnightto obtain130 mgproductNiPcH as a dark
grainy solid(0.107 mmol,yield =41%).

3.4.10 One-pot synthesis of NiPcH from 33-2
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3-3-2 (0] NiPcH o

Five 20 mL dry vials each werechargedwith 740 mg 3-3-2 (2.45 mmol) 179 mg NiCl
(2.38 mmol) 12.2 mL1-Pentanol, and a magnetic stir bar. Hodution in theseials were stirred
and subjected teonicaton. The vials were sealed with a crimpable seiataining cap, and
subsequently sparged using a needle punctured through the septavateddond rexlle was
pierced through the septa to vent the Jé® Mals were heated in an oil bath using a hot plate
equipped with temperature probe for 10 min at A@5then the vialsverevented carefully with a
syringe needle in the fume hood to release thespues e . bfDBB (8.20L mmol)was
measured by micropipettdinjected into each vial usirggsyringe and needle. Heating continued
for66h at 145°C. The vialswereremoved from the oil bath and left to cool to room temperature,
then vented with ayringe needle before opening the sédll.five vials content were transferred
into a 500 mL RBF. 60 mL THF and 130 mLMKOH wasadded to the RBF he mixture was
heated in an oil bath under reflux at®5for 24 h.After this, thecondenser was remogtieheating
continued for another ki to evaporate THFand thaeaction flaskwasleft stirring overnight aa

reduced temperature 40 °C. Theresultingbrown mixture was transferred into & Erlenmeyer
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flask, then 300 mL M HCI added to the flask angtirred at room temperature for 24 h. The
mixture was then centrifuged to separate the crude phthalocyanine product. Centrifesge
containingdark brown solution were decanteshd the solids were collected and emptied ato
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 oveanight. Dry solid was washed with acetone and centrifuged. The collected solid was dried
in avacuum oven at 80C overnightto give 2.25 gproductNiPcH as adark grainy solid(1.86

mmol, yield = 61%)

3.4.11 One-pot synthesis of NiPcH from 33-2 (smaller scale modified workup)

HO
050~
DBU, NiCl, KOH/THF, 85 °C, 24 h HCI, 24 h

’ o

1-pentanol, DBU, 145 °C, N,, 3 days

£, {@} *@

3-3-2 NiPcH

A dry 20 mL vial wascharged wh 740 mg3-3-2 (2.45 mmol) 179 mgNiClz (1.38 mmol)

12.2 mL *Pentanol, and a magnetic stir bar. Hodution in thisvial wasstirredand subjected to
sonicaionThe vial was sealed with a crimpable sepbataining cap, and subsequently sparged
using a needle punctured through the septa witlaBecond needle was pierced through the septa
to vent the gasThe vial was heated in an oil bath using a hot plate equippechwsatinperature
probe for 10 min at 143C, then the vialvasvented carefully with a syringe needle in the fume

hood toreleas t he pr e s pfubBE (8.20F 2nthd)measured by micropipetteas
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injected into the vial usin@ syringe and needleAfter heating at 145C for 66 h, the vialwas
removed from the oil bath anidwasleft to cool to room temperatur&he vial waghenvented
with a syringe needle before opening the sBa vial contens weretransferred into a 100 mL
RBF.Then12 mL THF and 26 mL 8 KOH wasadded to the RBARheRBFwas therheated in
an oil bath under reflux (at 8%) for 24 h.The ®ndenser waremovedafter 24 h with continued
heating forl hto evaporate THF. The brown mixture was transferred into a 250 mLfBlIRwed

by subsequent addition @5 mLof 1 M HCI. The mixture was thestirred at room temperature
for 24 h. The brown mixture wasen centrifuged to separateude productThe dark brown
solution was decantetbllowed by addition ofLl5 mL of DMF to theisolated crudesolid. The
centrifugetube wassonicated, then 8 mL ethyl acetatas slowly added to the solution to
precipitatethe productas a green solidwhich wasisolated bycentrifugation 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 colorallyi, the solid was washed three
times withdeionizedwater, centrifuged, and decanted. The solid was dried/acuum oven at
80 °C overnightto obtain 285mg product NiPcH as a darkgrainy solid (0.235 mmol,
yield = 38%).

3.4.12 One-pot Synthesis ofCoPcHfrom 3-3-2

L L
v

-~ 4
N“"NH =N" N
1-pentanol, 145 °C, Ny, 4 days N7
N NH
\ @

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

Y

Z

O/ \
pel

z

NC CN NH N

3-3-2 o} CoPcH

111



A dry 20 mL microwave vialwas chargedwith 740 mg3-3-2 (2.45 mmol) 179 mgCoCp

(2.38 mmol) 12.2 mL 1Pentanol, and a magnetic stir bar. Sotution in thisvial wasstirredand
subjected tcsonicaton, followed by N2 sparging, before being sealed afimhlly the vial was
flushed and filled with M The vial was heated in an oil bath using a hot plate equippedawith
temperature probe for 10 min at 145, then the vialvasvented carefully with a syringe needle

in the fume hood to release the pressure. 1.3 mL [BIUmmol)wasadded viasyringe into the

vial usinga syringe and needléfter heatingthe vialat 145°C for 4 days the vialwasremoved

from the oil bathand cooledo room temperaturd’ressure built during the reaction wasnted

with a syringe needle before opening the sBavial content was transferred into a 100 mL RBF
after whichl2 mL THF and 26 mL 24 KOH wasadded to thélask The RBFwasheated in an

oil bath under reflux at 83C for 24 h.After 24 hthe ondenser was removelduyt heatingwas
continued for another B to evaporate THF. The brown mixture was transferred into a 250 mL
RBF, then 75 mL M HCIl wasadded to the flask antiwasstirred at room temperature for 24 h.

The brown mixture was then centrifuged to separate the crude prBdwictorown solution was
decantedfollowed by addition of 15 mL DMF to theisolatedsolid. The centrifugetube was
sonicated, then 8 mL ethyl acttavas slowlyadded to the solution to precipiteegreen solid,

which was isolated by centrifugatiofthe 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 ina vacuum oven at 88C overnightto give 196 mgproductCoPcH as a darlgrainy

solid,) of darkgrainy solid 0.162 mmolyield = 26%)
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3.4.13 Synthesis of NiPc2
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An 8 mL dry vial was chargedwith 110 mg3-3-3 (0.654 mmol) 49 mgNiCl2 (0.38 mmol)

3.3 mL IPentanol, and a magnetic stir bar. Hodution in thisvial wasstirredand subjected to
sonicaton, The vial was sealed with a crimpable sepbataining cap, and subsequently sparged
using a needle punctured through the septa witlaNecond needle was pierced through the septa
to vent the gasThe vial was heated in anl dath at 145°C using a hot plate equipped with
temperature probe for 10 mifhe vial wascarefully vented with a syringe needle in the fume
hood t o rel ease DBUIh222 mma)easured bynicrdpipdtteveatinjected
into the vial usingasyringe and needIéfter heatingthe vialat 145°C for 3 days the vialwas
removed from the oil bath armboled dowrio room temperaturerhe vessel wagented with a
syringe needle before opening the s@&le vial contets were emptied into a centrifugeube
followed by a subsequent addition & mL of DMF. The centrifugetube wassonicated, then

8 mL hexanesvas slowlyadded to the solution to precipitatereen solidwhich was isolated by
centrifugation. The soligvas furthemwashed witt2x15 mL acetone followed by centrifuging and
decantingThen30 mL 1M HCI wasadded to the solid in the centrifugdefollowed bystirring

for 1 h. Theresultinggreen solutiorwasemptied into a RBFand neutralized witB M KOH until

pH was neutrads indicated by litmus papé@rhis precipitate was washed two times w230 mL

deionizedwater, followed by centrifugtion and decantindhen he solid was dried iavacuum
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oven at 8C°C overnightto obtain86.9 mgproductNiPc2 as a darlgrainy solid 0.119 mmol,

yield = 73%).
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4 Synthesis ofphthalocyanine-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 tteemation of porous materials. With these ligands

in hand, we can now attempt the daunting task of synthesizing and characterizing MOFs formed

from these ligands.

Figure4.1 Schematic representation of M@dfmation from nodes (red balls) and ligands (blue bars).

In the simplest wagFigure 4.1) MOFs are prepared by combining metal igmsdes)and
organic ligandglinkers) at elevated temperatures until the processdédion andcrystalgrowth
occurs esulting in a & crystalline and porous material. Often, the msditr a successful
synthetic procedureare the reproducible diffraction pattern and gas adsorption properties.
Furthermore, an ideal synthetic procedure would be flexible enough thatcigiges 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 origal procedureif. reaction container size, oven heating
method, water contentin the solveetic). While the process of synthesizing new MOFs may seem
simple, theeality is that determining the reaction conditions cama bkallenging endeavor. Itis

true that the ligand charge and the node charge will often balance one aiihes\(e no cations
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or anions in the pore). However, this does not mean that smmgigg the node and ligand 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 theligatal

bonds form quickly and ieversibly, then it is more likely that an amorphous phasieh may

still be of interesforms142. 143With 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 unbihdke
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 reactipand workup conditionso 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 amowftacid (:2 drops in 120 mL of solvent)

can help optinge the kinetic®of crystal growttbut large amounts of acids (AL in 10-20 mL of
solvent) would be viewed as detrimental. For Cu/Zn MOFs (and likely others), this statement
would be true. However, for aMOF like UiO-66, large amounts of aci@renecessary and often

lead to rapid formation of a single phase of the desired MOF.

Just as NMR and mass speateiry are used as a guide for the synthesis of small
molecules, Xray diffraction and gas adsorption isotherms are used to guide the successful
synthesis of porous material®nly once a reproducible gas adsorption isotherm with a consistent
diffraction pattern which may be amorphouss formed,we can assume that a procedure is
successful. With this in mind, the following sections of the introduction will briefly introduce
MOFs synthesis ansome background information on the factors that are often consithetiael
synthesis of MOFs and the roles they play. Lastly, we will covebbabiecharacterization methods

that help guide the synthetic approach towards M@fhesis.
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4.1.1 Synthesis
MOF synthesis methods can be classifiedomentionabndunconventionat3 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 amougémit solvent used in the
synthesisor to completely replacét. In some cases, thesewconventional metits alsoshorten
the synthesis time. Some common unconventional synthesis procedures include microwave
heating!4®> electrochemical synthesié® mechanochemical synthedfs, and ultrasonic
synthesid#8 Given that the work herein Baocused on conventional methods, the remaining
discussion will focus on conventional MOF synthesis

There are many factors that affect the synthesis of MOFs sutdmgerature, reactant
solubility, pH, concentrations of metal sdigand, andmodulator metatligand ratios andeven
the counterionassociated with the precursor metal.$al#4The following sections address some
of these parameters.
4.1.1.1 Solvent
The prototypical solvdrihat is used in the large majority RIOF syntheses i® MF, while other
solvents like N,N-diethylformamide (DEF), N,N-dimethylacetamide (DMA), and
dimethyl sulfoxide(DMSO) have also been useé®153 Thesesolvents 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 pointX53 °C) and highly polar solvent. This means that it should
have the ability to dissolve most ligaménd node precursors while also offeringwae

temperature range to explore the paramgtaceof MOF synthesisln the case of DMF and DEF,
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the solventslowly breaks down at elevated temperature. While this may seem detrimental, it is
critical in the synthesis of MOFs bgrsing an additional purpose. As shownkguation 4.1the
formation ofa MOF from an acid ligand precurs@fimlL) and a Lewisacidic netal precursor
(MXn) produces an acifHX) as a product. Tik acidcanbreak the nodégand bonds the MOF
leading to a dynamic equilibrium. As the DMF is heatedettompose® dimethylamine, a base,

and formic acidEquation 4.2 The dimethylamine can subsequently react with the produced acid
from the MOF synthesis arghift the equilibrium to favour MOF formation as a function of how
fast DMF is decomposed. Modulating tila¢e of DMF decomposition allows us to control the rate

of crystal formation, and in turn the quality and size of the formed cry3talss, controlling the

rate of decomposition of DMFRavours product formationand leads to crystalline porous

structure.

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 syntheségpisally 80-150 °C. Over this temperature
range,nucleation and crystal growth ratean be controlled®3 To achieve high crystallinity,
dissociatiordssociatiorratesin the MOF formatiomeed to be properly balancdd addition, by

slowly cooling the reaction mixture, the critical nucleation concentration can be exceeded, and
crystal growth takes plac&he 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 examfliyeira et al. made MOFs with

sameempirical formula but different structurdsy controlling the temperatuté* They used
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butanedbic acid and Tr#* at two different temperatures (100 °C and 180 °C) and showed that
because ligand flexibility causes different conformations, different coordinataesof the
ligand at different temperatures provides opportunity to form two different MOF structures.
4.1.1.3 Modulator

In MOF synthess, when many nuciion sitesare formed and grow rapidly, this leadsthe
formation ofsmaller crystals. Therefore, controlliigerate ofnucleationvs crystal growth is
vital for the formation ofarger MOF crystalsA modulator is a nostructural, monotopic ligand
(such as benzoic acid and acetic aaid)ich is added to the reaction mixtuf® Modulators
coordinate tahe metahodeand compete with the organic ligasé turn, allowing MOF crystal
size and morphologyto be controlled. For example, Kitagaveed ceworkers synthesized
HKUST-1 with different crystal sizes ramg from nanometer to micrometer by using different
concentrations af-dodecanoic acid as modulat§fThis study showed that the synthesized MOF
hasimproved crystallinity (sharper PXRD peaka)d nitrogenadsorption (compared with nen
modulated synthesis). In another study, Kitagataal. showed that morphology design of
HKUST-1 is also feasible by controlling the modulator concentration. They showed that increase
in n-dodecanoic acid concentration chamgee HKUSTF1 morphology from octahedron to
cuboctahedromand thernto cube!®>’ Use of modulatrs in the synthesis of Zrased MOFs have
also been investigatéd4 158164For example, Behrens and-amrkers showed thamcreasing the
amount of modulator (benzoic acid or acetic acid with respect ta)drCthe reaction mixture
improves crystal size,crystallinity, and surface area of Ui66 and UiG67161 In the case of
UiO-67, when 30 equivalent of benzoic acid (with respect toMre usedtheauthorscould

even obtain octahedral single crystdfy(re 4.2 and reportd increase of the specific surface
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area from 270 Rig for the noAmodulated synthesized Ui67 to 3000 g for the 30 equivalent

benzoic acid modulator.

Figure4.2 SEM image of UiG67 showing change in crystal sizes and morphology by change in the
amount of benzoic acid modulator with respect to Zr@l) 0 equivalent (b) 3 equivalent (c) 30

equivalent Reprinted with permission froreferencel 61Copyright (2011) Wiley

The examples discussed above show tatslynthesis of MOFs can be very sensitive to
the reaction paraeters. 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 thiswith enough worksynthetic procedures that are tolerant to matkechanges in
reaction conditions can be discoveréd.
4.1.2 Activation
Activation is a term used to describe the removal of impurities residing inside the patd©bf
such agesidualsolvent moleculesand node/linkeiprecursorsvhich are trapped in the pores of
the framework85To utilize MOFs for a targeted application, it is critical to find the appropriate
conditions to remove thesadesirableguest molecules while leavirige structure intact. In many
ways,determining the optimum parameters for #otivationof a MOFcan be as challenging to
determine as the synthetic conditions of the MOiis isespeciallytrue for larger pore MOFs,
which aregenerally more sensitiveo collapse.The section which follows discussdsetmost

common activation techniquesirrently used
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4.1.2.1 Vacuum Drying

Traditional activation requires heating thesgathesized MOF undeacuum to make the pores

of a MOF free from trapped solvent moleculenfortunately, in many instangesacuum drying

cau® channel collapse or blockage that resaltpartial or even full loss of porosi#f> This
happens because liquitb gasphase transformation of solvent molecules trapped in the pores
generates intense capillaraction that eventually cause the framework's collapse. This
phenomenon is more pronounced when the trapped solvent has high surface tension (and high
boiling point). Thereforegentler techniquebave been developed to mitigates problem.

4.1.2.2 Solvent Exchange

Solvent exchange is used to solve ploee collapseroblemencounteredvith vacuum drying%®

In this method the MOF sample is first washed with the reaction sob#ah DMF) to remove
impurities such asnodeprecursorsand norcoordinatedspecies Then thesample is soaked in a
solvent with lower surface tensior.§, acetonedichloromethane, methandhan the reaction
solvent.This process is repeated several times to fully exchangedbgon solvent for the new
solvent. Solvent exchange is often performed overnight to ensure complete exdfinathe.

since the pores are filled with a low boiling point and low surface tension solvent, vacuum drying
can be applied to activate the M@#th reduced risk to the frameworRlthough this procedure

has become popular for MOF activation, direct transition of the solvent from liquid to gas phase
can still imposecapillary actionand cause the partial or full collapse of the framewedt.such
situations, evemilder activation procedusehavebeen 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 C®(scCQ) is developed taddress thencounteredssue with the
conventional solvent exchange procEss.165 166The success of this method is based on
eliminating the liquid to gas phase transition that happens in solvent exchange and vacuum drying
methodsWhen drying MOFs while usingcCQ, the MOF reaction solvent is first exchanged
with a solvent such as ethanol (or other solvents that are compatible witistiioenenationand
miscible in liquid CQ). The sample isubsequentiyplaced in a chamber in which the solvent is
exchanged with liquid C®Next, the temperature is increaseatil the pressure and temperature

are in the region odupercitical COz (critical point ofCOz is 73 atm at31 °C); at this stage, the
framework is filled with scC@ Finally, the chamber is slowly vented to leave behind the activated
sample.In this praess,liquid to gas phase transformation which happen in conventioyugd -

liquid solventexchangeactivation processels completelyavoided Along with the benefit of
reduced structural damage through capillary acgo@Q activation usuallyproducedMOFs with

higher surface areavhencompared withan identicalsample activated by conventional solvent
exchange metht66

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, Xay diffraction (XRD) is an ideal tool to elucidate the MOF structure and
monitor the crystalhity 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 materiak d¢arotwn. 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 maf&ribhe challege

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 approximatelgn 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 example6t/i@as first
reported in 2008, but the singteystal XRD struture was not reported until 2014’ Alternatively,

X-ray diffraction anlysis can be performed on multicrystalline powder samples URKigD 168
Depending on the quality of the powder diffraction pattern (diffractogram), etDesd@nectivity

can be determined or the powder diffractogram can be used to fingerprint almdterformer
method was used for Ui@6. 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
peakcanyield information about the average pdtisize, or even the mdsiy of the crystat®®

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 structtine ®1OF 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 M®RAs mentioned in the prewis
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 preand postactivation can be employed as a helgfdracterization tool to monitor the
crystallinity after activationln 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 basconditions) 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 adsogaimbe done with several different
gases or vapours, the most common characterization methodology is nitrogen gas adsorption at
77 K 155,170, 171 or thisexperimentactivatedMOF is gradually exposed to an increasing volume
of nitrogen gas and the amount of nitrogen uptake by MOF is calcukrmu the obtained gas
adsorption isotherm, the surfacea 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 syntésis of new MOFs is being explored, similar PXRD patterns may be observed;
however, this does not mean that amorphous impurities are not pggeontmparing the surface
areas obtained from different reactions, or the pore size distributions with theteskgpmore
information found from singlecrystal 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 isothand 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 takdiPcH linker thatwe designed irChapter 3and we explore how
PcMOFscan be constructed with them. Using PXRD and gas adsorption as our metric for the

quality of the material, we set out to explore MOFs WiRcH linker and Zrbased nodes.
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4.2 Results and discussion

As stated irChapter 1 and Chapterl34TCPP and its derivatigare among the most widely used
porphyrinic Inkersemployed in MOF synthesis. [Bhapter 3 we synthesizdao tetracarboxy
phthalocyanine tikers (NiPcH and CoPcH) as well as one Pc liganditw only the imidazole
groups as coordination sitdsiPc2). Howeverdue to the low solubility oNiPc2, this ligand was
not explored in MOF synthesisliPcH andCoPcHare gemetrically and chemically similato
theH4TCPPlinkers (" -conjugated, planar, and with four carboxylic acid groups). Thereiae,
would expect these linkers to act in a similar way and produce similar MOF structures to their
porphyrin counterpartsAs such, we explored the synthesis of PCMOFs with diffenexe
precursorsunder various conditiongith NiPcH linker. The aim was to explore the reaction space
associated with this linker to determine if, and how these MOFs can be forhezdfore,the
synthesis of PcMOFs waxploredwith Zr** saltsto examine zirconium clustérased MOFs.

Considering the hardewis-basecharacter of carbglate ligands and the hard Lewasid
characteof high-valent metal cations such as“Zrthe field of Zrbased porphyric MOFs is rich
with a large diversitpf MOF structuresSome examples of these porphyrinic MOFs are discussed
in Chapter 1 Consideringall these examples, we embarked tbie synthesis oPdVIOFs with
potentially similar structuréo their porphyrinic analogues. For this purpose, we IN€dEH as
linker in our synthesis.

In this thesis, we use tH&cMMOF n as the generic notation for these PcMOIRsthis
notation M is the metal ion used as the inorganic building block,raisda code that refers to the
synthesis condition for a give. For example PcZrMOF16 and PcZrMOF 17 differ on the
synthesis conditions that can be found in the according (Bhltde 4.2in this exarple). Since all

the MOF synthesswere performedvith NiPcH, PAMMOF n refers to theNiPcMMOF n.
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4.2.1 Synthesis ofZirconium cluster-containing Pc MOFs (PcZrMOFs)

(a) (b)

OH

OH

Figure4.3 (a) H,TCPP linker used to make PE2R2 in referencd2 (b) H,TBAPYy linker used to make
NU-1000in referenc&72 (c) H,PorPTP linker used to make NU104 in referencg?. (d) H,TCP-3

linker used in the synthesis of PE80 in referencd8.

The reaction space for the formation of zircorioomtaining MOFs is extremely large. To help
narrow down where to start, we started with the synthetic procedure oiZsdrasedVIOFs that
utilizes tetratopic linkers like the Pc linkeFigure 4.3 and Tabld.1); we rationalized that our
linkerwould potentiallygeneratéopologically similar MOB. We began by utilizing the synthetic
conditions for PCN22242 We sibsequently explored the synthesis of QD0 which
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procedurally is very similar to that of PG2R2172then weinvestigated synthesis conditions of
NU-1104 which is prepared similarly to NLDOO>’ For all these M®s, benzoic acid is used as a

modulator. Finally, we explored the synthesis conditions of RGBlwhich uses acetic acid as

modulator38

Table4.1 Reactiorconditions for the synthesis of somelzased MOFs with tetratopic carboxylate

ligands.
Mod&:Zr:L Zr source [Mod., Zr, Lb] Solvent | Temp. | Time | SSA | Ref.
Mole ratio (mM) (°C) (h) (m3/g)
PCN-222 388:5.1:1 ZrCly 2763,38,7.4 DEF 120 48 2283 42

NU-1000 381:5.2:1 | ZrOCLA 8.8 2763,38,7.3 DMF 100 16 2315 | 172

NU-1104 490:5.0:1 | ZrOCLA 8.8 613,6.3,1.3 DMF 120 48 6231 | 57

PCN-230 | 674%6.2:1 ZrCla 2912,27,4.3 DMF 120 24 4455 | 38

amodulator

bligand

¢ specific surface area

d acetic acid is used as modulator

As a starting point for the synthesis of PcZrMOFs, we explored the synthetic conditions used to
make PCN222.Briefly, PCN-222 is made using Zr@IHsTCPP, and benzoic acid, mixed in DEF

in a screwtop 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. tdsmocedure with

our linker instead of KTCPP, resulted in a product which was not poréte=Z(MOF8 in Table

Al.1lin the Appendixl). Moving forward from these initial results, we opted to change the
parameters to see if this procedure would be beptamaed through controlled variations. With

this in mind, we kept the mole ratios of benzoic acid, zirconium salt, and the ligand as per the
original PCN222 procedure. We explored the role of two different zirconium starting materials

(ZrCls, and ZrOCi/8H:0), two different solvents (DMF and DEF), different concentration,
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different temperature (9040 °C), and different reaction time (Z2 h). As shown i\ ppendixl

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

Table4.2 PcZrMOF synthesis conditiol®MF is used asavent. ZrCl, used as Zr source unless

otherwise indicated.

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

(m?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 1.2 120 72
PcZrMOF23 673 508:5.2:1 39 1.2 120 120
PcZrMOF24 542 508:5.2:1 39 0.40 120 72
PcZrMOF25 715 254:5.2:1 39 1.2 120 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
PcZrMOF314 1221 508:10.3:1 39 1.2 120 72

agpecific surface area
bbenzoic acid

¢ ZrOChA 8,8 used
dsonicated forone hour

Since PCN222 synthesis procedure didn't produce porous material with our linker, we
explored a synthetic procedure that forms -li@D0. NU1000 and PCMN222 have identical
structures, but the linkers are different (Figure 48&), and the synthesis pexture is slightly
different. Briefly, the synthesis of NXI00O0 is as followsZrOCLA 8.8 and benzoic acid are
mixed in DMF in a screwop glass vial then the vial is sonicated to dissolve the solids. The vial
is then placed in an oven at 80 °C for onerh@iiter cooling down to room temperature; HBAPy
(Figure 4.3 bis added to the solution followed by sonicating the mixture for 10 min, finally the
vial is placed in an oven 400 °C for 16 hDetails of this procedure are presentedaile 4.1

Synthesis of PcZrMOF with this procedure and same mole ratio but using our linker instead of
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H4TBAPYy and diluting the mixturggroducel aporous materigfPcZrMOF16 in Table 4.2), but
the surface area was lewthan expectef 27 n#/g) in comparison with whawasobserved for
NU-1000, which uses th&hortertH4TBAPY linker (2300m?/g).

With the observation that the procedure for #4000 led to our first successful gas
adsorption data, we used this as a starting point to improve our results. Lookingldi0R &dnd
NU-1104 synthesis procedures that use extended porphyrinic ligands, we tstakgiore the
reaction space around these reaction condifibBgefly, the synthetic procedure fdre synthesis
of NU-1104 is as followsZrOCLA 828 and benzoic acid are mixed in DMF in a scr@p 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 temperatuiePorPTP (Figure 4.39 is added to the solution
followed by sonicating the mixture for 10 min, finally the vial is placed in an ov&2@&tC for
48 h Details of this procedure are presentedable 4.1 In a similar procedure, with the same
mole ratios, we used our linker and ZiCAs shown in row 2 ofable 42 this procedure resulted
in a surface area of almost 408/gn(PcZrMOF17). With ournewfoundsuccess, we continued to
explore the reaction parameters to determine if we can increaserfdesareaDoing the same
reaction under acidic conditions.§, by adding concentrated HGlaused a reduction surface
area PcZrMOF18). However, as theoncentrationof acid was decreased from 777 mM to
233 mM and subsequently down to 39 mdubeit with increased reaction time, we observed an
increase in the surface area to nearly 800grPcZrMOF 22). Further decreasing the HCI
concentration to 19 mM decreased the surface area, indicating that there is an optimal amount of
acid necessary tgtimize the reaction conditions.

To explore the role of reaction time, we examined the initial readfiodrMOF16) under

different reaction times. As shown Table 4.2by comparingPcZrMOF17 andPcZrMOF20,
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the surface area was slightly increased wthentime was increased from 48 to f2However,
comparingPcZrMOF23 andPcZrMOF22, where 39 mM of HClwas used and the reaction was
changed from 72 to 120, the surface area decreased. This suggests that there is an optimal
reaction time around 72

Basd on the surface areas of othetbased MOFs (around 2304y for PCN222 and
NU-1000, and 6230 #g for NU-1104)that havetetratopiccarboxylic acid-based linkers with
geometricalstructures similar t&NiPcH, we expecta much higher surface area thamat we
obtainedthus far. With that in mind, we continued twvestigate the effect of changirte
synthesis parameters. While keeping other parameters constant and sintilee gynthetic
conditions ofPcZrMOF22, which thus far resulted in the highestrface areaye changed one
parameter at a time to see how the surface area claengeral attempts were madedwgcreamg
the reagents concentratioAcZrMOF24), decreasg the amount of benzoic aidP¢ZrMOF25
and PcZrMOF26), and decreasinghe amount ofZr salt PcZrMOF27). However, 8 these
changes resulted products with lower surface areas than the oRgiGidOF22. However, the
effect of decreasing the amount of Zr salt (relative to other reagents in the reaction mixture) was
the most sesre oneRPcZrMOF27). This indicated that the reaction is extremely sensitive to the
amount of zirconiunsaltused.

In observing the importance of zirconium salt stoichiometry in the reaction conditions; we
turned our attention to exploring the optimal aimwm mole ratio. By doubling the amount of
zirconium PcZrMOF28), a surface area of 1100y was observed. Attempts to-optimize
these reaction conditions by increasing the amount of benzoic acid by 2.5 times, decreased the
surface area to almost 80(*/m(PcZrMOF29). Doubling the HCI concentration to match the

increase in zirconium resulted in a decrease in surface area by almoftdZaWQF30). This
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suggests that the role of acid/benzoic acid is likelgroportion to the amount of linker and not t
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 rolenofdasing 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 2800 m
(PczrMOF31), while only amodest change, it clearly delineates the need to reduce aggregation
as much as possible.

We also investigated reaction conditions based on other porphyrinic MO Fanadhium
based SBU procedure®ne of these conditions was based on the procedure épanmg
PCN-230 Briefly, preparation of PCK30 is as follows. ZrG|] 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 2Dbtails @ this procedure are presentedlable4.1
This procedure with ouNiPcH linker resultedPcZrMOF35 (Table 4.3). After activating with
supercritical carbon dioxid¢he surface areaf the product waalmost700 m?/g. When we kept
the mole ratio as that #&fcZrMOF35, but changed other parameters indicatedable 4.3. The
result was a producP¢ZrMOF34) with a dightly higher surface area afmost 750 m?/g. We
also used.-prolineasamodulator PcZrMOF36), which other researchers have had great success
with.158. 160 Alternatively, pyridine was added tbe reaction mixturéo prevent aggregation of
NiPcH and improve the solubility of the ligan@PcZrMOF37). We also tried an alternative
procedure to PCR22 that involves different ate ratios than the original PCRR2 synthesis

(PcZrMOF38).42 Other research groups have had sucegtis using DMSO as a solvent/co
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solvent in MOF synthesi®(g, ZIF-8, ZIF-67, HKUST1).15¢152With that in mind, we tested the
solubility of NiPcH in DMSO and noticed th&MiPcH stays in solution even after being exposed

to prolonged heating in the oven (under similar MOF sgsithconditions) whil®&liPcH dissolved

in DMF tends to aggregate under similar conditions. With this success, we utilized DMSQ as a co
solvent with DMF inPcZrMOF synthesisRcZrMOF32 andPcZrMOF33). In every example in

Table 4.3 nore of these measures \gasurface arehigher thar763m2/g.

Table4.3 PcZrMOF synthesis conditions. DMF is used as solvent and Zs@r source unless otherwise

indicated. BA stands for benzoic acAA stands for acetic acjénd Pyr for pyridine.

SSA | ModbP:Zr: NiPcH | [HCI] | Other conditions | [NiPcH] | Temp. | Time
(m3/g) mole ratio (mM) (mM) (°C) (h)
PcZrMOF32 638¢ 508:10.3:1 23 Mod. = BA 1.2 120 72
65% DMSO, 35%
DMF,
ZrOChRA 828
PcZrMOF33 632¢ 508:10.3:1 39 Mod. = BA 1.2 120 72
75%DMSO, 25%
DMF
ZrOChRA 828
PcZrMOF34 763 724:6.4:1 - Mod. = AA 1.2 150 72
2% water, 1h
soniation
PcZrMOF35 709¢ 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 1.2 120 48
Pyre: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 1.2 120 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
ZrOChA 828

agpecific surface area
bmodulator
sc = activated by supercritical GO
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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. Whigble 4.2and Table 4.3contain the
experimentally determined surface area, there is considerably more thm rned from the
isotherm data. The nitrogen gas adsorption isotherms PiaZrMOF28, PcZrMOF 31,
PcZrMOF 40, andPcZrMOF 41 are shown irFigure 4.4 The shape of these isotherms (reaching
almost plateau in the lowressure region but close to 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 twinds of poresFigure 4.5shows the PSD obtained from the
isotherms ofhe initial succesPcZrMOF 16, SSA = 127?/g) as well as the PSD for MOFs with
intermediate surface areaBcgZrMOF 21, PcZrMOF 22, PcZrMOF 23, andPcZrMOF 36), and
the highestsurface area materiaP€ZrMOF 31, SSA = 1221n¥/g). (PSD obtained from the
isotherms ofthe rest of the PcZrMOFs are Appendix2). As it can be seen, in all these MOF
samples, there are pores of two sizes with the majority centered around 10 and/@olfserve
that although pore sizes are almost in the same range, both the small and the large pores are clogged
in PcZrMOF 16. If we look at the intermediate values, we observe that pores are less clogged
compared with the low surface area material, butethmses are still clogged compared with the
higher surface area materials. This indicates although isotherms for these PcZrMOFs show
different nitrogen uptakes and the MOFs have varying surface areas, the pore sizes are all very
similar lgged pords dhat caude the difference between calculated surface areas. This

observation indicates that PcZrMOF samples that we synthesised probably share same structures.
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600 A —e— PCZIMOF 40 —e— PcZrMOF41

—e— PcZrMOF31 —e— PcZrMOF28

N, uptake (crédlg STP)

0 0.2 0.4 0.6 0.8 1
Relative Pressure (PP

Figure4.4 N, gas adsorption isotherms, measured at 77 K, for some of the PcZrMOF samples.
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Figure4.5 DFT Pore size distribution calculated for some of the PcZrMOFs
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With all the different observed surface areas,réatively similar pore size distributions
we turned our attention to PXRD to look at the structural features of these \OfFparison
between PXRDs aPcZrMOFs (Figure 4.6 obtained from differentynthesiamethods show that
all thesePcZrMOFsamplesshare similar feature3his 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 therMKE&rnal
to the crystal), but not due to the formation of different MOFsfpmmous coordination polymers.

In order to investigate the effect of activation procedure (solvent exchange followed by
thermal activation) on the MOPXRD of PcZrMOF31 beforeand after thermal activatiomas
measuredKigure4.7). This comparison shows that the activation does not affect the crystallinity
and thePcZrMOF structure remains intact during the activation process. This suggests that the

materials we are making areble to thermal activation.

PcZrMOF31
PcZrMOF40
PcZrMOF41
PcZrMOF28

Intensity

3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35
2 ()

Figure4.6 PXRD of some of the activated PcZrMOFs that have different surface areas.
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PcZrMOF31 as synthesized

PcZrMOF31 dried in oven

— PcZrMOF31 activated

Intensity

B

3 5 7 9 11 13 15 17 19 21 23 25 27 20 31 33 3
2 ()
Figure4.7 PXRD of PcZrMOF31.
To further probe the nature of therXy diffraction pattern, we examined the PXRDNiPcH
(.e., the free linker). We examined the@gthesized linker as well as the linker after exposing
the linker to the MOF reaction conditions, but in the absen@rainium.Figure 4.8compares
PcZrMOF40 and the PXRD of the control experiment. At first glance, it can be seen that the more
intense peaks in the diffractogram are only present in the MOF and thus represent the MOF and
not the linker. Upon closer invesig at i o n, there exists a Bragg di
diffractogram of both MOF and linker sample. This indicates thifgtcH is present in the
PcZrMOFsample. Diffraction at this angle correlates tspaicing 08.3 A. This distance is within
the acceptable range for stacking of Pcs. For example, similar distanceseperted in 2D
PcMOFs31-83. 8690, 92 Therebefore, the MOF sample might be contaminated with stacked

aggregatedNiPcH impurity.
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Figure4.8 PXRD of PcZrMOF40 and comparison witbontrol expeiment, ligand,Paratoneil, and

NiPcH.

The fact that PXRD of PcZrMOF samples obtained from different reaction conditions share
similar features is an encouraging result and may suggeditettl is more likely to make phase
pure MOF than its porphyrin counterpafor example,PCN-221173 PCN-222722 PCN-223174
PCN-224175PCN-2251"6andMOF-525°aremade of thesame starting mater@(HsTCPP linker
and Zr node) undervery similegaction conditiongvith varying ratios of modiatormetalligand,
and different reaction ting. However, despite all our attempts to make the target MOF, we only
see one phase. In the mentioned examples of-BZB{{where x = 1, 2, 3, 4, §nd MOF525, the
structural differences that lead to the difnt topologies is due to the rotation of the benzoate in
TCPP relative to the TCP® core Figure 1.20 in Chapter). This feature enables multiple
structures to be formed based on the synthetic conditions. In the cigecbf, 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 thepore size distribution and thé-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. It has been shown in literature that whenetingtopic casoxylatebased pyrene
and porphyrin ligands are extended, the resultant MOFs have a cubic networkBGN
PCN-23038and NU1101 to NU1104°7). Inthese extended ligands, the benzoate is free to stay
in the plane of the core porphyrin (ligamdNU-1102 is shown ifrigure4.9as an example) as it
is opposed to TCPPwhere the benzoate is under torsion stress if is in the plane of porphyrin, as
a result, with 1Zonnected ZrSBU, formation of cubic network is more favorable with these
extendedigands, and the mentioned MOFs are obtained as the only products. Thiistriast
to TCPP- that require energetically demanding conformatiamthe cubic network. Similarly,

NiPcH can make cubic framework isostructural with NWO02.

Figure4.9 The linker used in the synthesis of Nl102in referencé&7shown 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 PcCMOFs was explored udiigcH as linker and two 2t salts.We explored
the synthesis of PcCMOFs under various conditions. The aim was to explore the reaction space

associated witNiPcH to determine if, and hoyPcMOFs can be formed. Tresonditions 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 differentvsoits and solvents mixture, and sonication of the
reaction mixture.With NiPcH linker, PXRD and N gas adsorption of the synthesiz&tDF
samples were evaluated as our metric for the quality of the material. As such, the highest BET
surface area for PcMOF as 1220 rifg. 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 poroualmater
was obtained, the synthesis procedtoeld produce the same material (phase) although they have
different surface areas. Therefore, increasing the surface area of PCMOF synthesi2é &tdm

and Zr nodes requires removal of the unreacted startingyialatto free the pores of the material.

4.4 Experimental Details

4.4.1 General procedures,materials, andinstrumentation

Reagents and solvents were purchased from commercial sources and used without Purification.
Nitrogen gas adsorption isothermeasurements were performatl 77 K on aMicromeritics

TriStar Il surface area and porosity analyzer. All the samples were activated before colleting
iIsotherm datan Micromeritics Smart VacPrep instrument.

PXRD patterns we obtained using Rigaku XtaLAB Synergys X-ray diffractometer equipped

with a 4circle Kappa goniometer, dual PhotonJet sources (Cu and Mo), a-B98@HE Hybrid

Photon Counting detector, and an Oxford Cryosystems 800 Series Cryosiigameasuremest

were performed at room temperature vttt K U ( A) asithe tadidion source.
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4.4.2 Synthesis of PcZrMOFs
A general synthesis procedure is described belByntheic procedure forPcZrMOF31 is
provided asan exampleDetails for the synthesis of othRecZrMOFs is provided infable 4.41n
all the experiment@unless otherwise indicated in the other conditions columnfiable 4.4 NiPcH
(35.2 mg 0.029D mmol) wasusedas ligand, benzoic acid as modulator, DMF as solvent, and the
synthesis was done in a Bl screwtop glass jar Synthesis oPcZrMOFs that don't fit into the
mentioned categories are described separately.

ZrCls should be stored is a glovebox or desiccator. When we repeat@dZHOF29
synthesis with an old Zrg¢sample, the product had arydow surface area of 125%.
4.4.2.1 General synthesis procedure of PcZrMOFs
Zr** salt, modulator, and solvent weadded to acrewtop vesselThe mixture washensonicated
for 10 min to give a clear colorless solutidme sealed vessetlas placed in an oven at 80 for
1 h.Once removedrom the oven, th@esselwas left to cool down to room temperature, then
NiPcH was added to the solution followed by addingaentrated HCI (if indicated). The mixture
was then sonicated for 10 min (60 min ReZrMOF31). Thevesselwas placed in an oven. The
vesselcontaining the solution and the precipitate was removed from the oven and was set aside to
cool to room temperatar then the wash procedure was done followed by the mentioned activation
method(see belowfor the wash and activation procedures)
Example: Synthesis of PcZrMOF31:70.0 mg ZrCls (0.300 mmol) 1.800 gbenzoic acid
(14.74 mmol) and 24.0 mL DMRvereaddedo a 50 mLscrewtop glass jarThe resultingmixture
was sonicated for 10 min to give a clear colorless soluéind,this solutionvasheatedn an oven
at 80°C for 1h. Once removedrom the oven, the jar was left to cool down to room temperature

Subgquently,35.2 mgNiPcH (0.029 mmol) was added to the solutiph ol | owed by 80
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concentrated HCI. The mixture was then sonicated flor This mixture wasthenplaced in an
oven at 120C for 72 h. Once completedhe resultindight green solution and green precipitate
was removed from the oven aatlowedto cool to room temperaturéhen he wash procedure
was done followed by the thermal activati@ee belowto give322 mg of adark solid witha

measuredBET surface areafd221 n¥/g was obtained.

Table4.4 Synthesis conditions of PcZrMOFs. For the synthesis of all the PcZrMOFs, 3B8Paid
was used except for those mentioned in the atbeditionscolumn. The reaction wasde in 50 mL

screwtop glass jar and Zr@Wwas used as Zr source unless otherwise indicated.

Zrsalt | BA®2 HCl DMF Other conditions Temp. | Time | Mass of
(mg) | (mg) | (&L (mL) °C) (h) MOF
(mg)
PcZrMOF1 35 1350 - 4.0 15 mL vial 140 120 225
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
ZrOCLA 8.8
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
ZrOCLA 8.8
PcZrMOF7 48 1350 - 4.0 15 mL vial 120 72 29.8
ZrOCRA 88
PcZrMOF8 22 845 - 22 mgNiPcH 120 48 16.0
2.5 mL DEF
7 mL vial
PcZrMOF9 48 1350 - 4.0 15 mL vial 110 48 19.0
ZrOCRA 8-8
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 ZrOChLA 8.8 100 16 34.8
PcZrMOF17 35 1800 - 24.0 ZrOChLA 8.8 120 48 30.1
PcZrMOF18 35 1800 | 1600 24.0 ZrOChLA 8.8 120 48 26.2
PcZrMOF19 35 1800 | 480 24.0 ZrOChLA 8.8 120 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 HCl DMF Other conditions Temp. | Time | Mass of
(mg) | (mg) | (elL| (mL) (°C) (h) MOF
(mg)
PcZrMOF23 35 1800 80 24.0 120 120 25.0
PcZrMOF24 35 1800 | 240 72.0 250 mL 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 mgNiPcH
25 mL jar
ZrOChLA 8.8
PcZrMOF33 97 1800 80 6.0 18 mL DMSO 120 72 18.0
ZrOChLA 828
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 acetic acid 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
ZrOChA 828
PcZrMOF42b 35 4488 80 24.0 120 72 15.3
PcZrMOF43® 35 4488 | 140 24.0 120 72 16.3
PcZrMOF44b 70 4488 40 24.0 120 72 16.7
PcZrMOF45b 35 1800 | 180 24.0 120 72 19.1
PcZrMOF46" 70 1800 80 24.0 120 48 21.1
PcZrMOF47b 97 1800 80 24.0 ZrOChA 8.8 120 72 44.0
PcZrMOF48b 35 - 80 24.0 120 72 45.1
PcZrMOF49b 35 - - 23.0 1 mL acetic acid 120 24 39.0

2benzoic acid
bligand was not fully deprotecte@he product was neporous

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

Synthesis of PcZrMOF32: 38.8 mg ZrOCIA 8.8 (0.120 mmol), 0.720 gbenzoic acid

(5.90mmol), 6.5 mL DMSO, and 3.5 mL DMF added into a 25 sdrewtop glassjar followed

by sonication for 10 min. The jar was then placed in an oven 4 80r 1 h. After cooling down

to room temperature, 14.0 mgPcH (0.0116mmol) wasadded to the solution folleed by adding
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20 €L concentrated HCI. Then the jar was soni
solution was placed in an oven at T2Dfor 72h. The jar containing a dark green solid suspended

in the solution was removed from the oven and et aside to cool to room temperature, then the
wash procedure was done followed S5 O procedure(see below) to giv85.4 mgof a dark

solid witha measure®ET surface area of 638%g.

Synthesis of PcZrMOF33:35.2 mgNiPcH (0.029 mmol), 2.5 mLDMF, and 7.5 mL DMSO
wereadded intod5mLvi al, then 80 €L concentrated HCI w
sonicated for h. In a separate 50 njar, 97.0 mg ZrOGIA 8.8 (0.301mmol), 1.800 gbenzoic

acid (14.74 mmol) 10.5 mL DMSO, and 3.5 mL eve mixed followed by sonication for 10 min.

The jar was placed in an oven at 8 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 12(0°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 bgaC Oz procedurdsee below) to give 18figof a darksolid withameasured

BET surface area of @m?/g.

Synthesis of PcZrMOF34: 43.5 mg ZrCls (0.187 mmol), 22.8 mL DMF, 35.2 mg\NiPcH

(0.029 mmol), 1.2 mLacetic acid21 mmol), and 5 0 @ereaddedwoaatb@®nniscrew

top glassjar, the mixture wasonicated for h, then the jar was placed in an oven at iGGor

72h. 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 voiswleae f

by thermal activation(see below)}o give 44.3 mgof a darksolid with BET surface area of

763 néfg.
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Synthesis of PcZrMOF3®: 43.5 mg(0.187mmol) ZrCls, 5.8 mL DMF, 35.2 mg0.029D mmol)

NiPcH, and1.2 mL (21 mmol) acetic acidwasadded to 45 mLscrewtop glass vialthe mixture

was sonicated fdrO min then thevial was placed in an oven a2A°C for24h. Thevial containing

a clear colorless solution and a dark green precipitate was removed from the oven and was set
aside tacool to room temperature, then the wash procedure was done followed®yprocedure

(see belowjo give20.6mg darksolid witha measure@ET surface area of0B m?/g.

Synthesis of PcZrMOF36: (modified procedure reported by Gutet al 169 20.3 mg ZrC4
(0.087. mmol), 50.0 mg Eproline (0.434 mmol), and 10.0 mL DMF ereadded to a 50 mkcrew
topglassj ar, then 80 €L concejartTheajdr wad sokicated ford min a d d e
then 35.2 mdNiPcH (0.029 mmol) was added to the solution followed by 5 min sonication, then
10.0 mL DMFwasadded to the jar then the solution was sonicated for another 5 min before placing
the jar in 120°C oven fa 48 h. The jar containing a light green solution and a green precipitate
was removed from the oven and weft to cool to room temperature, then the wash procedure
was done followed by the thermal activati@ee below}o give 30.0 mgof a darksolid with a
measuredBET surface area of 334%g.

Synthesis of PcZrMOF37:2 0 ¢ L p y r i (d1b mmel) wasaddednad5.0 mL DMF, then

19.0 mL of this solution (containing 5.0 mg, 0.063 mmol pyridine) was transferred into a 50 mL
screwtop glass jar35.2 mgNiPcH (0.029 mmol) was added to thar followed by sonicating

for 10 min, then the jar was placed in an ove8CHC for 1 h. In a second 50 m&crewtop glass

jar, 35.0 mg ZrCi (0.13 mmol), 1.800 g benzoic acifl4.74 mmol), and 5.0 mL DMiwere
added, then the jar was placed in°8oven for 1h. While the solution in both jars was hot, the
contents of the fst jar was emptied to the second one, then the second jar was placed@ 120

oven for 48n. The jar containing a light yellolwrown solution and a dark green precipitate was
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removed from the oven and wiest to cool to room temperature, then the wastcpdure was
done followed by thermal activatideee below}o give 26.6 mgf a darksolid witha measured
BET surface area of 6162g.

Synthesis of PcZrMOF38:52.7 mgZrCls (0.226 mmol), 1.898 g benzoic aci@l5.54 mmol),
5.6 mL DMF, 35.2 mgNiPcH (0.029 mmol), and a magnetic stir barere added to &0 mL
microwave vialf ol | owed by adding 60 €L concentrated
then sonicated for 10 min before heating in an oil bath afC2adsing a hot plate equipped with a
temperature probe. The vial was removed from the oil bath afters24l wadeft to cool to room
temperature, then the wash procedure was done followed by the thermal ac{sedibelow}o
give 16.2 mepf a darksolid witha measure®ET surface area @f35 n#/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 5500600 rpm for 515 min {.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 twée shaken well and
subsequently centrifuged at 559800 rpm for 515 min. This procedure was repeagetbtal of
three times

(). 15 mL of fresh DMF was added to the centrifuge tube followed byirsipake centrifuge
tube vigorously. The capped centrifuge tubas left overnight. The following morning, the
centrifuge tubevas centrifuged at 5500600 rpm for 515 min,andthe solutionvas subsequently

decanted.
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(IV). 15 mL of acetone was added to teatrifuge tube. The centrifuge tuas shaken well and
once again centrifuged at 55@600 rpm for 515 min and subsequently decanted. The procedure
of adding acetone, shaking, centrifuging, and decanting was reettd of three times

(V). 15 mL of fresh acetone was added to the centrifuge follewed 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 procedwss used which is similar to established
protocol for NU1000)172The first three steps are identical to tleyious stepd {lll ) discussed
above. After this step, the solid in the centrifuge tube was transferred into a 15 mL vial with 7 mL
DMF. Subsequently, 276L of 8 M HCI aqueous solution was added into the vial followed by
shaking. The vial was placed in an oven at 100or 12 h. Then stepstoV were performed on

the sample.

4.4.3 Activation of PcCMOFs

4.4.3.1 Thermal activation procedure

After the wash procedure, tlventrifuge tubewas placed ira vacuum oven at 80C overnight.

The dried MOF sample was transferred into a sample holder for a Micromeritics gas adsorption
instrument. The sample in the sample holder aetsvated 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 préssure.

the sample tube was heated to 120 °C (5 °C /min) and maintained at thisatemepéor 10 h.
Finally, the sample tube was cooled down to room temperature thenbtwalddled with nitrogen

gas.
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4.4.3.2 Supercritical CO; activation procedure

After the wash procedure, the solid was transferred antwitical point drier sample holder.
Anhydrous ethanol was carefully added to $henple holdeto fully cover the solid and fill the

sample holderThe sample holdewas then covered by a watch glass and waladfinightto

ensure the pores of the MOF were properly exchanged for etharmksmmstrument cannot be

used with acetone, or other incompatible solvents, in the.pdresolution was carefully replaced

with fresh anhydrous ethanol three times a day for three A#tyswards, ethanol was removed
leaving only the bare minimum ethol necessary to cover the material. The sample holder was
loaded into the activation chamber ofTao usi mi s E S eBbn dritical BpointP dfidr
instrument. The chamber was slowly filled with liquid €@uring which the temperature was
maintained between-00 °C to avoid solidifying COz or forming scCQ. The chamber was
exchanged with liquidCO; to exchang ethanol with liquid C@during which the flow ofCO;

inlet and outlet was adjusted to maintain kel of liquid CQ 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°© wWaile maintaining a pressure
around1400 ps (100 psi). At this stage, all the remaining liquid £i&@comes a supercritical

fluid (CO:z 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 exhauseedlav rate of

1 cn?/min to slowly release C£&from the chamberOnce completed, the sample was removed

from the chamber, and it was degassed under vacuum at room temperature for 1 h to ensure no

COzremained 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
| was writing my thesis, | camep with ideasfor improving the results | obtainetiowever, due
to the pandemic, and the reality that no good project is ever comipdatgglyd i d ndé6t have en

time to put those ideas into practite this chapter | will talk about these ideas

5.1 A new macrocyclic linker

CuCl/CuCl,

pyridine

2-6 5-1

Figure5.1 Cyclization of compoun@-6for making a new tetratopic linker precur$et.

In Chapter 2 we synthesizédo halvesof the desired macrocyclic link@7 (compound£-6 and

2-3) and we showed thitis possible t@ynthesizeéhe macrocycle compourade-1. This synthesis
required8 steps imbp ot s . Here 1 6m going to introduce the
(5-1) that has not been explored in MOF synthesis gstlization between two molecules of
compound?2-6 that was synthesized in Chapterdh result in a new macrocyclic compound that

might be of interest as a tetratopic linkErgure 5.1) Synthesis of compoun&6 can be achieved

in 3 steps an@ potswith overdl yield of 52% therefore synthesis ob-1 by coupling two2-6
moleculeswould be a faster approach thie synthesis ofompound2-7. The chemistry under

which this type of coupling and cyclization occurs is already known ianceported for
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macrocyclessimilar to compound-1.177:178Therefore, compoun8-1 can bemadein as little as

4 steps and 3 potsgith potentally good yield

5.2 Addressing Pc linker solubility issue

In Chapter 3, we discussed the synthesNiBtH, CoPcH, andNiPc2. 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, @ cansubstitute NH proton of3-3-2 with analkyl group first to

make5-2 (Figure 5.2)128. 132then perfornthe tetracyclization to make the desired B&) that

will potentially have higher solubility than unsubstitutdécH.

0 (0]

\o o/
R
N N
- \
OO~ OO0~ RN N
/N ‘e
1) DBU 2) RI DBU, MCl _N_ N4
—> R : N\ N/M\N ’N
N”NH i pentanol, 145°C ot 1-pentanol, 145 °C A
& & y
NG N NG CN N N=
R
o
pe K N

(0]
3-3-2 5-2 5.5

Figure5.2 Substitution of R group on4N of imidazole for the synthesises of Pc linkers with higher
solubility.
The second approach for makitige MPcH and MPc2 with higher solubility is to have
other metal ionginstead of Nd* and C@&*) coordinated inside the ety of Pc Onal and ce
workers reported thain their synthesized imidazophthalocyanine, when the Pc cavity is

coordinated to Cif, the molecule had higher solubility and less aggregation than the Pc molecule
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with Ni2*coordinated in the cavit}z* Therefore, ifis worthwhile to synthesizEuPcHandCuPc2
for their higher solubility.

WhenM3* and M such as Al* and St* arecoordinated at the center of,Rhere would
beaxial ligandgX in Figure 5.3)on Mor axial ligands can be substituted on M so thatdtezic
hinderancdetween Pc molecules carevent aggregationihereforethe resultant MPc can have
higher solubility (Figure 5.3)17%181 As such, synthesis of MPcHXi.e., where M = Al, n= 1 or

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

Q HQ

HO“'Q—N y " _,©’=O
Qw pal

i
ﬂ X
HO~g _z;%v—OH
Figure5.3 Axial substitution of X on the central metal of the Pc core to reduce aggregation and increase

solubility.

5.3 Pc linker purification

For the sythesis of a good quality MOF crystals, we need to have a linker thatpigraas
possible.The purification method that | used for the synthesidNaiPcH, CoPcH, andNiPc2was
washing the product withultiple organic solvent. Althougthe wash protocol that | developed
could remove most of the soluble impurities (which was visuaihspected, there could be
insoluble impurities remaining mixed with the produdhere are two other methodsr
purification of Pcsthat could potentially give higherquality Pc The first method isdissolving
the Pc linker in concentratetlfuric acid and then crashing out the Pc inreodd waterfollowed

by washing with wate¥82The second method is sublimation of the Pc lifiRéri84

151



5.4 PcMOF synthesis

With a Pc linker that is pure and has improved solubility, synthesis of PcMOF would be potentially
feasible.In addition to these, | have fewmore ideas that cabe employed for the synthesis of
PcMOFs.

The solvent in which | synthesized the Pc linkers-gefitanol. 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 syntlresispentanolin the
presence of TEA (to promote deprotonation of the linkem amixture of tpentanol and DMF.

One of the unconventional MOF synthesis methods is mechanochemical synthesis. If
solubility is a pertinent issue in synthesis, then meabtla@mical synthesis might be a solution
because this method doesndt need a solvent.

Linker exchange is another MOF synthesis method that is developed for MOFs that can
not be synthesized otherwis®: 184 n this method, linker of an already existing MOF is exchanged
in solution with a Bw linker that is dissolved in the reaction solvent. In our casel N2 is a
good candidate in which might be possible to exchangge porphyrin linkewith our Pc linker.

5.5 Conclusion

We have introduced a new linker to the field of MOFs. This meartstitbee are lots of other
venuescan be exploited for the synthesis of new porous material. Here | talked about some of the
options that can be explored in the future, but thera latemore that future researcher can embark

on exploring.
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Appendix 1

Our Initial attempgsf or t he synt hesis of PcZr MOFs di

conditions under which these nporous materials were obtained are shown in TAblel

Table A1.1 PcZrMOFssynthesis conditions that led to ngorous product®MF was used as solvent

and ZrCl as Zr source unless otherwise indicated.

SSA BAP:Zr:NiPcH [HCI] Other [NiPcH] Temp. | Time
(m?3/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
ZrOCPRA 8.8
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
ZrOCPRA 8.8
PcZrMOF7 - 381:5.2:1 - ZrOCbA 8.8 7.3 120 72
PcZrMOF8 - 381:5.2:1 - DEF 7.3 120 48
PcZrMOF9 - 381:5.2:1 - ZrOChLA 8,8 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

8specific surface area
bhenzoic acid
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Appendix 2

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

Chapter 4. In this appendix, PSD of other PcZrMOF samiplgisownin FigureA2.1.

Figure A2.1 DFT pore size dstribution calculated for some of the PcZrMOFs
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