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Porous materials have attracted immense attention in the scientific community due to their
excellent performance in a variety of applications such as gas adsorption, separation and catalysis.
In the last few years utilizing expanded aromatic monomers for porous polymers has emerged as
a method of designing and synthesizing functional porous polymers. As described in Chapter 1,
expanded aromatic scaffolds such as hexaphenylbenzene (HEX), hexabenzocoronene (HBC) and
corannulene have unique chemical structures and electronic properties that could be used to
improve the performance of porous materials for applications in energy storage. Their unique
symmetry and shape can be used to introduce novel topologies and conjugated © systems to porous
polymers which provides improved gas binding ability. Chapter 2 describes a series of novel
corannulene based porous organic polymers (BB-POPs) that retain the inherit redox activity of
corannulene when incorporated into the porous system. These materials are the first reported POPs
based on corannulene. Chapter 3 describes the synthesis and characterization of novel HEX and
HBC based POPs (HEX-POP-93 and HBC-POP-98) for volatile organic compounds (VOCs)
adsorption. Interestingly, while both POPs have moderate BET surface areas (687 and 548 m? g

! respectively), they both show an excellent selectivity for organic vapors over water, with a high

vii



benzene adsorption capacity of 99.9 wt.% for HEX-POP-93. Presented in Chapter 4 is the bottom-
up synthesis of nanographene based porous organic polymers. Nanographenes (NGs) such as HBC
are observed to readily adopt n-stacked arrangements. As such, stable n-stacked conformations
between the HBC units are likely a major directing force for the POP structure. Since these
interactions cause the m-surfaces within the polymer to be blocked, they limit the gas and VOCs
adsorption capability. Thus, pre-synthesized HEX based POPs were post-synthetically
cyclodehydrogenated to obtained NG based POPs with good surface areas and high CO» binding
ability (22 wt. %). The overall findings presented in this dissertation suggest that the expanded
aromatic structures introduce novel properties to porous materials while the careful design will

enhance the ultimate properties.
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CHAPTER 1
INTODUCTION TO FUNCTIONAL POROUS MATERIALS BASED ON

HEXAPHENYLBENZENE, HEXABENZOCORONENE AND CORANNULENE

1.1 Abstract

Rational design and synthesis of porous materials with controlled architecture and functionality
have gained considerable attention over the last few years. Size, geometry and inherent properties
of monomers play a vital role in the structure and functionality of porous materials. While simple
benzenoid derivatives with four or fewer benzene rings have been widely been employed as
monomers, expanded m aromatics molecules are currently emerging as potentials monomers for
the synthesis of porous materials with interesting structures and properties. They expect to have
excellent gas and energy storage properties due to extended m conjugations. Further, inherent
electronics of these molecules has the potential of introducing electronic functionalities to porous
materials. Hexaphenylbenzene (HEX), hexabenzocoronene (HBC) and corannulene (BB) are three
expanded m aromatics monomers With unique shapes, symmetries and electronic properties.
Herein, a summary of the potential and recent progress of these three molecules on synthesizing

functional porous materials is provided.

1.2 Porous Materials

Porous materials, solid state materials with void spaces, have been of great interest over the last
two decades due to their structural morphology and diverse applications.!* They have shown
promising implementations in varied applications in separation chemistry, gas and energy storage,

sensing, catalysis, electronic devices and drug delivery.>® Current research in the field is focused



on understanding structure-function correlation, leading to the efficient synthesis of porous
materials with designed properties and functionality.’

Porous materials can be classified as macro (>50 nm), meso (2-50 nm) and microporous (< 2 nm)
or sometimes collectively identified as nanoporous materials (Figure 1-1).2 Numerous types of
nanoporous materials have been synthesized with inorganic and organic building units via
coordination or covalent chemistry. The resulting solids can be crystalline or amorphous
depending on the nature of the bond formation that occurs during the synthesis.®° If the synthesis
is via a coordination bond or reversible covalent bond formation, then it allows for error correction
during the network formation to produce thermodynamically favorable networks which are
generally crystalline. Conversely, materials formed under kinetic control typically result in

amorphous materials.

Depending on pore size

Porous Materials

Microporous Mesoporous  Macroporous
<2 nm 2-50 nm >50 nm

Building Units
Porous Materials

Inorganic Inor"gamc ) Organic
organic hybrid |
I 1
MOF
s Crystalline Non-crystalline
COFs POPs

Figure 1-1. Classification of porous materials



The most common classification of modern nanoporous materials is based on the type of building
units used, which are classified as: metal organic frameworks (MOFs), covalent organic
frameworks (COFs) and porous organic polymers (POPs) (Figure 1-1). MOFs and COFs are
crystalline materials while POPs are amorphous. POPs are further classified as polymers of
intrinsic microporosity (PIMs), conjugated microporous polymers (CMPSs), porous aromatic
frameworks (PAFs) and hypercrosslinked porous polymers (HCPs), etc.? However, these

classifications are not consistent and some materials can be categorized under more than one class.

1.2.1 Metal-organic frameworks (MOFs)

Metal-organic frameworks (MOFs)®!! are crystalline porous materials which are synthesized via
copolymerization of organic linkers with metal ions (Figure 1-2).*2 Generally organic units are
multidentate organic carboxylates or another negative functionality. Metal ions form metal
containing clusters which are known as secondary building units (SBUs). The reversible nature of
the coordination bond formation between metal cations/cluster and organic linkers facilitates the

formation of crystalline frameworks.

A B

+ @ —

Organic linker  Metal ion or
cluster
MOF

Figure 1-2. (a) A typical approach to MOF synthesis, (b) unit cell of MOF-5 (MOF-5 structure is
reproduced from J. Mater. Chem., 2006, 16, 24642472 (Reference 12) with permission of The
Royal Society of Chemistry)



More than 20,000 different MOFs with various geometries and functionalities have been
synthesized by varying the building units, giving MOFs a greater structural diversity greater than
any other class of porous material.'®> The Brunauer, Emmett and Teller (BET) surface area of
MOFs can go as high as 7000 m?/g,** exceeding those of traditional porous materials such as
zeolites and activated carbons or modern materials such as COFs and POPs. MOFs have found
applications in gas storage, purification and separation, as well catalysis, sensing and drug delivery

applications.®

1.2.2 Covalent organic frameworks (COFs)

Covalent organic frameworks (COFs)'® are crystalline and can be synthesized by covalently
linking organic monomers. The linkers are generally connected using reversible dynamic bonds,
such as boronic esters, azines, imines, or hydrazones. Thus, they consist of only of light elements
such as carbon, hydrogen, oxygen and boron or nitrogen (Figure 1-3). The crystallinity observed
in these materials is due to the reversible nature of the covalent bond formation, while the aromatic
interactions and electronics of the organic linkers can facilitate the thermodynamic control of
covalent bond formation. With varying building units, 2D and 3D COFs have been synthesized
using solvothermal, ionothermal and mechanochemical methods. The highest reported BET
surface area of COFs is 4210 m? g '.17 COFs are used in a variety of applications that range from

gas separation to capacitive energy storage to explosive sensing.
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Figure 1-3. (a) Some common reversible reactions that have been successfully developed for the
construction of COF materials, (b) synthesis of 2D hexagonal COF-5

1.2.3 Porous organic polymers (POPs)

Porous organic polymers (POPs) are amorphous porous materials which are synthesized by
covalently linking organic monomers via various Kinetically controlled organic reactions such as
C-C cross coupling reactions and Friedel-Crafts reactions. In generally, most POPs have excellent
thermal and moisture stability (typically better than MOFs and COFs).” Also, they can be
synthesized with various reactions and monomers.? Thus, there are different types of POPs based
on synthesis method and network morphology such as HCPs, PIMs, CMPs and PAFs.

Hypercrosslinked polymers (HCPs) are extensively crosslinked polymer networks with permanent
porosity. HCPs can be produced in three ways (Figure 1-4): (a) intermolecular and intramolecular
crosslinking of preformed polymer chains, (b) direct step growth polycondensation of suitable

monomers and (c) knitting of aromatic compounds using an external cross-linker to form a



polymer.t® Today, knitting of aromatic compounds via Friedel-Crafts reactions with Lewis acids
such as FeCls is considered to be a one of the most cost-effective method of synthesizing porous

materials.®

A
~o"o" _[\\

B
% 1,2-dichloroethane O (SH Q @ 1,2-dichloroethane l(f_l\\)_\ )
Feo, _FeCls o <© ’ Q FeCly F\ A" p
o ) U I[)\/@ (’\@) &
g

Ho ™ ~ A
TG H

Figure 1-4. (a), (b) and (c) represent different methods of synthesizing HCPs

Polymers of intrinsic microporosity (PIMs) are a class of solution processable porous polymers
and generally obtained through aromatic substitution polymerization (Figure 1-5). Their fused-
ring structures prevent the polymer chains packing efficiently, hence obtaining a porous structure.
Other than gas adsorption applications they can easily be developed into gas selective membranes

and sensors as these materials are solution processable.?°

HO [ o 4
O. CN I O. CN
Hoz: . ::@: o Yoy O.|
CN

Figure 1-5. A representative polymer of intrinsic microporosity

Conjugated microporous polymers (CMPs)?*?2 are typically prepared via metal-catalyzed cross-
coupling of di- or trihalo aromatics with di- or triethynyl aromatics while other methods such as
cyclotrimerization or oxidative coupling have also been employed (Figure 1-6). CMPs possess

interesting optoelectronic properties due to their conjugated network structure. Therefore, other



than gas storage and separation applications they are suitable for various electronic device

applications.

A

Oxidative coupling

I . i
Sonogashira-Hagihara cross-coupling
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PAF-1

Figure 1-6. (a) Some common reactions that have been successfully used for synthesis of CMPs
and PAFs, (b) synthesis of CMP-1 (X = Br or 1) and (c) synthesis of PAF-1 (X = Br or I)

Porous aromatic frameworks (PAFs) are synthesized through the homocoupling of aromatic
bromides via nickel(0)-catalyzed Yamamoto-type homocoupling (Figure 1-6). Recently, the
Scholl oxidation was introduced as a low-cost alternative for synthesizing PAFs. The PAF known

as PAF-1 has the highest recorded BET surface for any porous organic polymer, of 5640 m? g

123,24

1.3 Goal: Expanded aromatic monomers for functional porous materials

Most of the porous materials are built with benzenoid organic linkers.” However, only simple
benzenoid derivatives with four or fewer benzene rings are mostly incorporated, while extended
benzenoid systems such as polyphenylbenzenes (PPBs) and polycyclic aromatic hydrocarbons

(PAHSs) are rarely used. The expanded aromatic scaffolds have interesting structural and functional



properties which can introduce novel topologies and functionalities into porous materials such as
improved gas binding, energy storage and electronic properties. Herein, we are discussing the
potential of using three expanded aromatic scaffolds: hexaphenylbenzene (HEX, Ca2Hso),
hexabenzocoronene (HBC, CasHig) and corannulene (BB, CxoHio) (Figure 1-7) in porous

materials.

Hexaphenylbenzene Hexabenzocoronene Corannulene
(HEX, CyHs) (HBC, CyyHy5) (BB, CyoHyy)

Figure 1-7. Structures of hexaphenylbenzene, hexabenzocoronene and corannulene

1.3.1 Extended 7 conjugation for improved gas and energy storage.

When designing porous materials for gas or vapor adsorption and separation, improving the quality
of the non-covalent interactions between the pore surface and binding substance is important.
Materials with highly conjugated surfaces such as carbon nanotubes and porous graphene have
demonstrated strong adsorption of gases like hydrogen.?® Further, studies with PAHs have proven
that their m surface have higher gas binding abilities.?® Hence, porous materials synthesized with

extended aromatic monomers will possess higher gas/energy storage capacities.

1.3.2 Symmetry and shape for novel topologies and controlled pore size.

HEX, HBC and corannulene represent three interesting classes of aromatic compounds: PPB,
planar PAHs and curved PAHSs, respectively. Further, they have diverse symmetries and shapes

with the potential of introducing interesting structural morphologies in porous materials.



PPBs?’ (Figure 1-8) are benzene derivatives with phenyl substituents attached around a central
benzene ring and general precursor for PAHs. Hexaphenylbenzene (HEX),?® is the most popular
PPB with a six-fold symmetry and propeller-like nonplanar conformation due to the steric

hindrance between the peripheral phenyl rings.
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Figure 1-8. Examples of PPB core structures

PAHSs, compounds consisting of fused aromatic rings (Figure 1-9a), are sometimes described as
“nanographenes” as they resemble a fragment of graphene. Hexa-peri-hexabenzocoronene (HBC,
“super-benzene”) (Figure 1-9b) is a simple PAH which is considered to be the
smallest nanographene?® and has a planar structure with six-fold symmetry.

The discovery of buckminsterfullerene (Ceo) has inspired another class of PAHs known as curved
PAHSs (Figure 1-9c). While graphene consists of all 6-membered rings, Ceo has incorporated 5-
membered rings resulting in a spherical structure. Similarly, curved PAHs consist with 5-
membered ring resulting in a five-fold symmetry.*° Corannulene is the smallest curved PAHSs. The
arrangement of the five benzene rings around the central five-membered ring induces the
nonplanarity to corannulene with a bowl depth of 0.87 A. Corannulene consists of one third of

buckminsterfullerene, thus known as the smallest buckybowl! (BB).*
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Napthalene Chrysene Pyrene Coronene Ovalene

Corannulene Sumanene

Buckybowl

Hexa-peri-hexabenzocoronene(HBC)

Figure 1-9. (a) Several common simple PAHS, (b) graphene and nanographenes and (c)
buckminsterfullerene and curved PAHs

1.3.3 Convenient synthesis and functionalization methods for large scale synthesis of

porous materials

Convenient large scale synthesis and functionalization methods are available for the synthesis of
HEX, HBC and corannulene due to extensive research over several decades. HEX was first
reportedly synthesized as early as 1933 and currently using common method of HEX synthesis
was introduced by Louis F. Fieser in 1966 via a Diels-Alder reaction between
tetraphenylcyclopentadienone and diphenylacetylene.®® HBC was first reported by Clar and
Ironside in 1958% and later synthesized and studied extensively since the development of synthetic
route via oxidative cyclodehydrogenation (Scholl oxidation) of HEX by Mauillen and

coworkers.®*34 For cyclodehydrogenation, iron (I1) chloride (FeCls) or dichlorodicyano-p-
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benzoquinone (DDQ) is used as the oxidant. To date there are several ways of synthesizing HEX
and HBC (Figure 1-10). Methods for functionalization of HEX and HBC with various substituents
are also developed.® Corannulene was first synthesized in 1966 by Barth and Lawton with an 18-
step synthesis.®® However, it gained considerable attention only after the discovery of fullerenes
due to the structural similarities and as a potential synthetic precursor. Since then, syntheses,
structures, and properties of corannulene and related buckybowls were highly interesting topics.
Thus, more practical methods for the synthesis were developed over two decades including a three
step flash vacuum pyrolysis method®” and an eight step solution phase synthesis which has recently
been scaled up to the kilogram scale® (Figure 1-11). The availability of these methods is the basis
for the design and large scale synthesis of porous materials based on these expanded aromatic

scaffolds.
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Figure 1-10. Common methods for the synthesis of hexaphenylbenzene (HEX) and hexa-peri
hexabenzocoronene (HBC)
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Figure 1-11. Methods for the synthesis of corannulene

1.3.4 Inherent electronic properties for functional porous materials

Owing to their extended & electronic system and shapes of these molecules possess interesting
functional properties which led to intensive research for various applications such as organic
electronics. For instance, HEX has been known for applications such as organic light emitting
diodes (OLEDSs) and field-effect transistors, catalysis, enzyme simulation and biologically active
compounds.? HBC and other PAHs possess strong 7- stacking interactions which make them

insoluble in most of the organic solvents. Peripheral substitution can increase the solubility in
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HBC. Further, functionalized HBCs show high thermal and chemical stability and are incorporated
in various applications such as in liquid crystalline systems, sensor materials and organic
semiconductors.® The redox chemistry®®, metal coordination*®! and photophysical properties of
corannulene have been intensively studied. Further, corannulene has been successfully
investigated for numerous potential applications in a wide range of systems including liquid
crystalline materials, polymers, dendrimers, molecular tweezers, photovoltaic cells, organic field
effect transistors, and light emitting diodes.*?** The synthesis of porous materials with these
molecules can introduce these properties to the porous materials resulting in added functionality

porous materials for beneficial applications.

1.4 Porous materials synthesized with HEX, HBC and Corannulene

Due to these potentials, synthesis of porous materials with these extended aromatic scaffolds has
emerged as an interesting field over past 6 years. HEX is the most widely studied material among
the three molecules of interest while other two have only a few examples yet.

The first HEX based porous material reported was a PIM (HPB-PIM).*® Later, a series of HEX
based PIMs (PIM-HPBs) (Figure 1-12) were prepared into cast films which are suitable for gas
permeation studies.*® This approach has shown to be useful for tuning the performance of
membranes for gas separation, particularly those involving CO; as it had shown high CO;
selectivity. Next HEX based POPs (HPOP-1 and 2) (Figure 1-12) were prepared via palladium-
catalyzed C-C coupling polymerization. BET surface area for these polymers are 742 and 1148 m?
g! while the adsorption capacity for hydrogen is up to 1.5 wt.% at 1.13 bar and 77 K.*’ Another
organic microporous polymer HTP (Figure 1-12) has been synthesized from a HEX with

triptycene, which combine the benefit of propeller shape of triptycene with HEX. HTP displays a
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high BET surface area of 1151 m? g* and reversibly adsorbs 12.5 wt.% of CO; at 1.0 bar and 273
K and high thermal stability.*®

Our group has successfully prepared and evaluated the first set of permanently porous HBC
containing polymers (HBC-POPs) (Figure 1-12) via a Sonogashira polymerization with tetrakis(4-
ethynyl)tetraphenylmethane (TPM).*® These polymers have demonstrated permanent porosity and
moderate surface area (550-670 m? g), but good CO, adsorption capacities (8-9 wt.%) and
excellent adsorption enthalpies for CO; relative to their surface areas. Even though these polymers
are formed under kinetic conditions they have shown to exhibit strong n-stacking interactions,
which may be the major driving force in the structure of these HBC based polymers. Further,
availability of accessible highly conjugated m-surfaces in these POPs were proven with
fluorescence quenching studies with buckminsterfullerene. HEX and HBC can easily
functionalized with various substituent groups. That allowed the synthesis of a series of POPs
based on HEX and HBC (Figure 1-12) with varying peripheral substitution.*°These show BET
surface areas ranging from 320 -1140 m? g. Due to these structural modifications, significant
effects on the properties were observed in both their gas-sorption performance and the microscopic
structure. Size of the side group and n-stacking ability were more important factors. Also, we have
recently studied® (chapter 3) the ability of adsorbing volatile organic compounds (VOCs) in to
HEX and HBC based POPs with two novel POPs (HEX-POP-93 and HBC-POP-98). Both
polymers possess moderate surface areas (687 and 548 m? g%), but good organic vapor adsorption
capacities with excellent benzene adsorption capacity (99.9 wt. %) with preference for benzene

over water (< 1 wt.%).
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Figure 1-12. Reported HEX and HBC based POPs
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The highest reported BET surface area (1790 m? g*) with any HEX based POP is obtained from
the Scholl oxidation of HEX in the presence of AICI; and dichloromethane (DCM) (Figure 1-13).%2
We have increased the BET surface area up to 2222 m? g for the POP synthesized under similar
Scholl oxidation condition (unreported data, chapter 4) with excellent CO, adsorption capacity
(20.7 wt.%). A similar PAF, named HP obtained from Yamamoto-Ullmann cross coupling of

hexakisbromohexaphenylbenzene, has a BET surface area of only 675 m? g* (Figure 1-13).

Ulimann
cross coupling

QL
O30
OO
Q O
OO
O

Br i HP
BET Surface area - 675m? g!

O O Scholl reaction
—_—

QO
OO0

0 O

O AICl;, DCM

BE‘I:' Surface area - 1790 m? g
Figure 1-13. HEX based PAFs with Yamamoto-Ullmann cross coupling and Scholl oxidation

Donglin Jiang et. al reported the first set of COFs with HEX and HBC scaffolds.* They have used
HEX and HBC to introduce the triangular topology to the COFs with small pore sizes of 12 A,
which is among the smallest pores for COFs reported, and high n-column densities of up to 0.25
nm~2. Further, these crystalline COFs facilitate n-cloud delocalization and high conductivity, with
a hole mobility that is among the highest reported for COFs. The next HEX based COF, HEX
based azine linked COF (HEX-COF 1) was reported by our group which has even smaller pore

size of 11 A with a higher surface area in excess of 1200 m? g*.5* Also it shows an excellent
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sorption capability for carbon dioxide (20 wt.%) and methane (2.3 wt.%) at 273 K and 1 atm

(Figure 1-14).

. NH; OHC CHO
Q6w Q §9
HN,-NH,

- H, —— gm HPB-COF OHC Q O O CHO HEcorT
o NH, OHC HO
00¢ coo

Metal ion MOF-888, MOF-889,

I Q oo —— 410F-890, MOF-891
"00c oo

pbz-MOF -1

Figure 1-14. HEX and HBC based COFs and MOFs (Pbz-MOF-1 structure is reprinted with
permission from J. Am. Chem. Soc. 2016, 138, 12767-12770 (reference 56) copyright 2016
American Chemical Society)

Four MOF structures (MOF 888 to 891), based on a HEX based hexatopic linker, 1°,2°,3°,4°,5°,6’-
hexakis(4-carboxyphenyl)-benzene, has been synthesized while two of them have introduced new

topologies, namely, htp and hhp, to the field of MOF chemistry.>® Gas adsorption measurements

revealed that though they have low surface areas (38-295 m? g!) they exhibited moderately high
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CO: adsorptions and selectivity over N2 and CHa. Very recently another MOF based on HEX was
reported (pbz-MOF-1) as the first example of Zr(IV)-based MOF with polybenzene (pbz) or “cubic
graphite” topology (Figure 1-14).%° Rational design and the propeller shaped of HEX allow the
synthesis of cubic graphene like structure which was only a postulated structure so far.

A curved PAH corannulene has been reported for a theoretical MOF (IRMOF-M8)®’ and for a
redox active crystalline MOF.%8 This latest report which contains a crystalline corannulene scaffold
proved to remain the corannulene bowl inside the prepared rigid matrix based on X-ray diffraction
studies, thus obtained an array of buckybowls. Also, it retains the inherent redox activity of
corannulene. Recently, we have reported®® (chapter 2) the first set of POPs based on corannulene
(BB-POPs) which were synthesized via Sonogashira co-polymerization of 1,2,5,6-
tetrabromocorannulene and alkyne linkers. BB-POP-3 exhibits the highest BET surface area of
560 m2 g and CO, adsorption of 11.7 wt. %. BB-POPs also retain the redox properties of its

corannulene monomers (Figure 1-15).

BB-POP-1

BB-POP-2

BB-POP-3

Sonogashira coupling

Figure 1-15. Corannulene-based porous materials
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1.5  Significance of porous materials synthesized with HEX, HBC and BB

The highest reported BET surface area of 2415 m? g~' for any porous materials based on HEX is
for the recently reported pbz-MOF-1.% However, with HBC and corannulene it reached only a
moderate BET surface areas of 670 m? g~' (HBC-POP-1)*° and 556 m? g~! (BB-POP-3)*° (Table
1-1).

All the materials studied here have reported good CO> adsorption capacities (up to 20 wt.%)%,
heat of adsorption and selectivity compared to smaller aromatic scaffolds. It suggests that there
could be a contribution of the extended m conjugation towards improved CO adsorption and
selectivity (Table 1-1). Also, these materials demonstrate excellent CHs (HEX-COF-1)** and
VOCs adsorption capacities (HEX-POP-93) as well.>!

Interestingly, all these porous materials retain the initial structure and symmetry, introducing novel
topologies to porous materials. The hexagonal symmetry of HEX and HBC have introduced a
novel triangular topology to COFs.>*%* Also, HEX has been introduced new topologies, namely,
htp and hhp,> and polybenzene (pbz)®® to the field of MOFs.

Similarly, these porous materials retain the inherent properties such as electronics and redox
activities from initial aromatic scaffolds. Thus, other than the gas storage and selectivity due to
inheriting of properties of initial monomers, these polymers demonstrate the potential of being
used in other applications such as organoelectronics. As an example, HPB-COF and HBC-COF
show photoconductive and high hole mobility properties.>®* Corannulene based MOF and POPs
(BB-POP-2 and 3) shows the inheriting of redox activity elaborating potential applications in

supercapacitors and batteries®® (Table 1-1).
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Table 1-1. Reported HEX, HBC and BB based porous materials and their properties.

BET CO2
Aromatic
Type Porous material surface area  ads Other properties Ref
scaffold
(m?g™ wt%
HEX POP HPB-PIM-1 425 - Good CO; selectivity 4
HPB-PIM-2 527 -
PIM-HPB 537 - 46
PIM-CHs-HPB 560 -
PIM-Br-HPB 410 -
PIM-CN-HPB 440 -
HPOP-1 1148 - 1.5 wt% H> 47
adsorption at 1.13 bar
and 77 K
HPOP-2 742 -
HP 675 8.0 48
HTP 1151 12.5
HEX-POP-1 610 >0
HEX-POP-2 600
HEX-POP-3 1140 18
HEX-POP-93 687 8.8 99.9 wt.% Benzene >
adsorption
Scholl oxidation 1790 19.8 52
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COF HPB-COF 965 - 53
HEX-COF-1 1214 20 CHy adsorption 2.3 54
wit%
MOF MOF-888 38 4.7 High CO: heat of 5
MOF-889 144 10.8 adsorption and CO»
MOF-890 295 11.3 selectivity
MOF-891 200 11.3
Pbz-MOF-1 2415 - High storage capacity — °°
of CHa at high
pressure
HBC  POP  HBC-POP-1 670 9 49
HBC-POP-2 500 8
HBC-POP-3 360 - >0
HBC-POP-4 320 -
HBC-POP-98 548 8.0 Good VOCs 51
adsorptions
COF HBC-COF 469 53
BB MOF 224 - Redox active 58
POP  BB-POP-1 56 7.4 59
BB-POP-2 130 8.5
BB-POP-3 556 11.7
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1.6 Conclusion

Over the past six years, using extended aromatic scaffold such as HEX, HBC and corannulene for
porous materials has introduced interesting properties and topologies to porous materials. There is
an increasing trend in exploring these molecules, as well an improvement of properties of these
porous materials. HEX has been studied more than HBC and corannulene. The challenge of poor
solubility of HBC and related compounds could be the reason for lack of studies. On the other
hand, unusual bowl shape and the symmetry of corannulene is expected to introduce novel
topologies to porous materials. However, it requires a rational design especially in designing
MOFs and COFs and we are concentrating on this strategy. Further, other than HEX, HBC and
corannulene there are several other related compounds which are yet to be explored in order to
expand this field of study. It can be expected that in the next decade, extended aromatic scaffold

research in porous materials will introduce materials with novel properties for new applications.
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2.1 Abstract

For the first time, porous organic polymers (POPs) based on the smallest buckybowl, corannulene
(BB-POPs) have been synthesized. Three POPs were synthesized via Sonogashira co-
polymerization of 1,2,5,6-tetrabromocorannulene and alkyne linkers. BB-POP-3 exhibits the
highest surface area (SAgser = 560 m? gt) and CO- adsorption of 11.7 wt%, while they retain the

redox properties of corannulene.

2.2 Introduction

Corannulene (CxoHaio) (Figure 2-1) is a bowl-shaped polycyclic aromatic hydrocarbon (PAH),
known as the smallest “buckybowl” (BB) and comprises one third of a Ceo fullerene with hydrogen
termination.® First synthesized in 1966,% there have been multiple subsequent syntheses of
corannulene,>® including its production on kilogram scale.'® Its curved topography and unique
chemical structure give corannulene interesting and potentially useful physical properties,
including metal coordination capability*''? and redox activity.!® These properties, combined with
relatively facile synthetic pathways, have led numerous research activities to incorporate
corannulene into a wide range of systems including polymers,** dendrimers,® molecular

tweezers,® liquid crystalline materials,*” and as a precursor of carbon nanotubes.*®

L des

Figure 2-1. Structure of corannulene
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The inherent redox activity of corannulene has led to great interest in developing materials
incorporating it for electrochemical applications such as photovoltaic cells,*® organic field effect
transistors,?%-2% and light emitting diodes.?* It has also been postulated that corannulene’s ability to
form tessellated stacks, along with its ability to bind metals such as lithium, could make it valuable
in lithium ion battery research.?® Recently a redox active metal organic framework (MOF) based
on corannulene was reported.?®

Porous materials such as MOFs,?’ covalent organic frameworks (COFs),? and porous organic
polymers (POPs)?® have garnered interest as materials for applications ranging from gas storage
and separation to electronic device fabrication. Important advantages of porous materials include
high surface areas, tunable pore-sizes, and a wide range of potential functional group
incorporation. Unlike MOFs, POPs are fully organic, amorphous materials comprised of all
covalent bonds. Importantly, this gives them higher thermal and chemical stability than MOFs,
while maintaining high surface areas and great structural tunability.3%-3> Our group has previously
reported a range of POPs®32® and a COF*® based on two PAHSs: planar hexabenzocoronene (HBC)
and propeller-shaped hexaphenylbenzene (HEX). We report herein the first example of a porous
organic polymer containing the curved PAH structure, corannulene.

To the best of our knowledge, there has been only one report on the N2 adsorption properties of a
corannulene containing system?® with all other investigations being theoretical in nature®’-* or
consisting of non-functionalized corannulene samples.®” These studies illustrate the potential of
corannulene for the adsorption and storage of gases such as Hz, CO., and CHs as its curvature
provides multiple surfaces to bind gas molecules. To study these theoretical predictions in more

detail, we have synthesized three POPs (BB-POPs) containing corannulene. Polymeric networks
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have been generated through Sonogashira copolymerization between 1,2,5,6-
tetrabromocorannulene (TBC) and di, tri, and tetra-functionalized alkyne monomers, 1,4-
diethynylbenzene (DEB), 1,3,5-trisethynylbenzene (TEB), tetrakis(4-ethynyl)-
tetraphenylmethane (TPM), respectively (Figure 2-2) and their adsorption capacities for nitrogen,
carbon dioxide and hydrogen have been measured. Further, we have investigated the
electrochemical properties of the synthesized BB-POPs via cyclic voltammetry to explore the

success of incorporating these redox properties of corannulene into a porous polymer.

DEB

=\
Il
Il

BB-POP-2

Figure 2-2. Synthesis of BB-POPs 1-3 and model compound (BB-PA) form Sonogashira
copolymerization condition: Pd(PPhz)s, Cul, EtsN, toluene, 90 °C

2.3 Experimental
2.3.1 Materials and methods

All reagents were purchased from commercial suppliers (Sigma-Aldrich and Fisher Scientific) and
used as received. Low-pressure gas adsorption experiments (up to 760 torr) were carried out on a

Micromeritics ASAP 2020 surface area analyzer. Ultrahigh purity grade N2, CO2 and H> were
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obtained from Airgas Corporation. Samples were degassed under dynamic vacuum for 12 h at 150
°C prior to each measurement. N2, CO> and H> isotherms were measured using a liquid nitrogen
bath (77 K) and CO> was measured in a room temperature water bath (298 K) and using an ice
water bath (273 K). Pore size distributions were calculated from the adsorption curve using the
nonlocal density function theory (NLDFT) carbon slit-pore model in the Micromeritics software
package and heats of adsorption values were computed by the Micromeritics ASAP software
package using a variant of the Clausius-Clapeyron equation. Fourier transform infrared (FT-IR)
spectra were taken on a Nicolet 380 FT-IR with a Smart Orbit diamond attenuated total reflectance
(ATR) cell. The thermogravimetric analyses (TGA) were performed using a TA Instrument SDT
Q600 Analyzer under nitrogen atmosphere with a heating rate of 10 °C min™!' from 30-800 °C.
Powder X-ray diffraction (PXRD) of polymers was carried out on a Bruker D8 Advance
diffractometer with a sealed tube radiation source (Cu Ka, A =1.54184 A), a no background sample
holder, and a Lynxeye XE detector. Scanning electron microscope (SEM) images were acquired
with Zeiss-LEO model 1530 SEM instrument and energy dispersive X-ray spectroscopy (EDX)
were acquired on a Zeiss SUPRA40 SEM instrument. The samples were prepared on 15 mm
aluminum stubs using double-sided adhesive copper tapes. For EDX uncoated samples were
imaged at a working distance of 10 mm and a voltage of 15 kV using a secondary electron detector.
Fluorescence measurements were carried out on a Perkin-Elmer LS-50B Luminescence
Spectrophotometer with a suspension of BB-POPs (1 mg) in dichloromethane (3 mL). Cyclic
voltammetry CV) was performed using a Potentiostat/Galvanostat (EG&G Princeton Applied
Research 273A) in an anhydrous DMF solution of BusNPFs (0.1 M). Voltammograms of

corannulene and BB-PA were obtained in the solution phase by dissolving them in the electrolyte.
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The insoluble BB-POPs were dispersed in acetone with polytetrafluoroethylene (PTFE, 5-15 %)
as a binder, drop cast onto the gold working electrode and dried. Platinum mesh was used as a
counter electrode and potentials were recorded versus Ag/Ag* (0.01M) as a reference electrode.

The scan rate was 100 mV s,

2.3.2  Monomer and Model compound synthesis

Monomers: TBC, DEB, TEB and TBC, corannulene and model compound: 1,2,5,6-
Tetra(phenylethynyl)corannulene (BB-PA) were synthesized using previously reported protocols

(Figure 2-3),10:44-47

2.3.3 Polymer Synthesis

BB-POP-1: To a pressure tube containing TBC (40 mg, 0.0712mmol) and DEB (17.9 mg, 0.142
mmol) were added toluene (2 mL) and EtsN (4 mL). This was purged with nitrogen for 15 min
before Pd(PPhz)4 (15.0 mg, 0.014mmol) and Cul (2.6 mg, 0.014 mmol) were added and the tube
was sealed. The reaction was then heated at 90 °C for 18 h. After that time a brown solid had
formed which was collected by filtration, and washed with CH2Cl, (100 mL) and methanol (100
ml), followed by sonication (20 min) in CH2Cl> twice after which time the solid was collected by
filtration. The polymer was then sonicated in 5 mL of hot toluene for five minutes before being
filtered. This washing procedure was repeated a total of five times in hot toluene followed by five
washings in 5 mL hot DMSO. The solid was finally washed with acetone (100 mL). Yield = 27

mg (77%).
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Figure 2-3. Synthesis of 1,4-diethynylbenzene (DEB), 1,3,5-trisethynylbenzene (TEB),
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tetrakis(4-ethynyl)-tetraphenylmethane (TPM), and 1,2,5,6-tetrabromocorannulene (TBC)

BB-POP-2: To a pressure tube containing TBC (40 mg, 0.071mmol) and TEB (14.2 mg, 0.094
mmol) were added toluene (2 mL) and EtsN (4 mL). This was purged with nitrogen for 15 min
before Pd(PPhs)4 (16.33 mg, 0.014mmol) and Cul (2.76 mg, 0.014 mmol) were added and the
tube was sealed. The reaction was then heated at 90 °C for 18 h. After that time a brown solid

had formed which was collected by filtration, and washed with CH,Cl, (100 mL) and methanol



(100 ml), followed by sonication (20 min) in CH2ClI twice and then the solid was collected by
filtration. The polymer was then sonicated in 5 mL of hot toluene for five minutes before being
filtered. This washing procedure was repeated a total of five times in hot toluene followed by
five washings in 5 mL hot DMSO. The solid was finally washed with acetone (100 mL). Yield =
25 mg (80%).

BB-POP-3: To a pressure tube containing TBC (40 mg, 0.071mmol) and TPM (29.4 mg, 0.071
mmol) were added toluene (2 mL) and EtsN (4 mL). This was purged with nitrogen for 15 min
before Pd(PPhs)s (16.33 mg, 0.014mmol) and Cul (2.8 mg, 0.014 mmol) were added and the tube
was sealed. The reaction was then heated at 90 °C for 18 h. After that time a brown solid had
formed which was collected by filtration, and washed with CH2Cl> (100 mL) and methanol (100
ml), followed by sonication (20 min) with CH.CI> for twice and filtered. The polymer was then
sonicated in 5 mL of hot toluene for five minutes before being filtered. This washing procedure
was repeated a total of five times in hot toluene followed by five washings in 5 mL hot DMSO.

The solid was finally washed with acetone (100 mL). Yield = 43 mg, (92%).

2.4 Result and discussion

2.4.1 Synthesis and characterization

Three BB-POPs were obtained as brown powders via Sonogasira polymerization (Figure 2-2).
Each of the polymers is insoluble in common organic solvents indicating the formation of a hyper-
crosslinked polymeric structure. FT-IR spectra show a significant reduction of alkyne C-H

stretching (Figure 2-4) confirming the polymerization.
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Figure 2-4. IR spectra of tetrakis(4-ethynyl)-tetraphenylmethane (TPM) and BB-POPs.
Energy-dispersive X-ray spectroscopy (EDX) analysis indicates that is only 0.6-0.7 unreacted Br
atoms per corannulene core in these POPs, that is approximately about C:Br atomic ratio of 98:2
(Table 2-1). This measurement is indicative of high conversion. SEM analysis indicate the rod
shape morphology of polymers (Figure 2-5). Thermogravimetric analysis of POPs indicates
polymers are thermally stable with less than 20 wt.% up to 800 °C at N2 atmosphere (Figure 2-6).
The powder X-ray diffraction (PXRD) patterns (Figure 2-7) show that all three POPs have largely
amorphous structures and lack the prominent peaks attributed to © stacking that we have previously
observed in POPs containing large PAH monomers.3*2% We hypothesize that this could be due to
the unusual symmetry of the 1,2,5,6 functionalization pattern of the corannulene and its curved
shape creating a polymer where these n-stacking interactions are unable to form in the solid state.
The luminescent properties of the BB-POPs were investigated (Figure 2-8) and compared with a
model compound 1,2,5,6-tetra(phenylethynyl)corannulene (BB-PA). The emission maximum of
corannulene was located at 453 nm while that of BB-PA was red shifted by 23 nm. The

photoluminescence maxima BB-POP-1 exhibits a larger red shift of about 77 nm (Amax= 530 nm)
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indicating that the extension of conjugation may be longer due to the linear shape of the DEB co-
monomer as compared with BB-POP-2 and 3 whose conjugation is limited by either out of plane
rotations enforced by steric effects (BB-POP-2) or the existence of an sp® carbon (BB-POP-3).

Table 2-1. Elemental ratios in BB-POPs based on EDX
Weight % Atomic %

Sample

C% Broo Pd% C% Broo  Pd%

BB-POP-1  88.15 10.01 1.84 98.09 1.67 0.23
BB-POP-2  87.50 9.98 2.52 98.00 1.68 0.32

BB-POP-3  91.00 147 1.52 98.60 1.22 0.19

Figure 2-5. SEM images of BB-POPs: BB-POP-1 (left), BB-POP-2 (middle) and BB-POP-3

(right)
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Figure 2-6. TGA curves of BB-POPs
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Figure 2-8. Normalized emission spectra in CH,Cl, with excitation at 300 nm

2.4.2 Porosity measurements and gas uptake

The accessible surface areas (SAs) and pore size distributions were determined for all three POPs
using N2 adsorption measurements at 77 K (Figure 2-9). As shown in Figure, BB-POP-3 has a
moderate N, uptake capacity, (284 cm®g) which is much higher than that of BB-POP-1 and BB-
POP-2 (84 and 89 cm®/g, respectively). The Brunauer, Emmett and Teller (BET) and Langmuir
surface areas for the POPs were calculated using the N2 adsorption in the low-pressure range (P/Po

0.01-0.1) (Table 2-2). BB-POP-3 shows a moderate BET surface area of 556 m?/g, whereas the
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other two polymers show low surface areas of 56 and 130 m?/g for BB-POP-1 and BB-POP-2,
respectively. Thus, as expected, the N2 adsorption data confirm that incorporating the three
dimensional monomer TPM results in a higher surface area than the other co-monomers TEB and
DEB. The N2 isotherms show rapid N2 uptake at low relative pressures (P/Po < 0.01), which is
typical for microporous materials. Pore size distributions (Figure 2-10) also indicate BB-POPs are
predominantly microporous (pore width < 2 nm).

Table 2-2. Pore structure parameters of polymers obtained by N adsorption
Langmuir Horvath Kawazoe

Sample BET surface

surface area Pore Volume
area (m?/g)
(mg) (cm®/g)
BB-POP-1 56 62 0.13
BB-POP-2 130 143 0.14
BB-POP-3 556 609 0.44

300 -

250 “

200 -

150 A

100
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0.5
Relative Pressure (P/Pg)

Figure 2-9. (a) Nitrogen adsorption at 77 K (solid symbols) and desorption (open symbols)
isotherms
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Figure 2-10. Differential (line) and cumulative (dash) pore size distributions of BB-POP-1
(blue), BB-POP-2 (green), BB-POP-3 (red)

The CO; adsorption isotherms of BB-POPs were measured at 273 K (Figure 2-11a) and 298 K
(Figure 2-11b). BB-POP-3 shows the highest CO. uptake capacity, 57 cm®/g (11.7 wt. %) at 273
K and 900 mmHg. In spite of its moderate surface area, the CO. capacities of the BB-POPs
compete with (or even surpass) a variety of other porous materials, for example PAF-1 (Network
A) (11.7 wt. % SAseT=4077 m? g'1),*8 COF-5 (5.9 wt %, SeeT=1670 m? g !),*® COF-103 (7.6 wt%,
3530 m? g'1)*° and BLP-1H (7.4 wt%, 1360 m? g1).%° Despite their low porosity, BB-POP-1 and
2 also demonstrate considerable CO. adsorption capacities of 7.4 wt. % and 8.5 wt. %,
respectively. Despite its lower surface area of 130 m? g~!, BB-POP-2 built with TBC and TEB,
has a similar storage capacity to CMP-1 (9.0 wt%, SAger= 837 m?g )% which is made out of 1,4-
diiodobenzene and TEB, indicating the potential involvement of corannulene in CO2 adsorption.
Further, CO> adsorption capacities exceeded that of our previously reported HBC based POPs
synthesized in a similar manner with TPM: HBC-POP-1 (9 wt.%), HBC-POP-2 (8 wt.%), and

HBC-POP-98 (8 wt.%).332° These results are consistent with the findings of computational studies,
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which show that the concave surface of corannulene may exhibit higher affinity for small
molecules like CO2 compared to planar coronenes.*?

To gain further insight into these interactions, isosteric heats of adsorption (Qs:) were calculated
based on adsorption data at 273 K and 298 K (Figure 2-11). The initial Qst of BB-POP-2 is 28.8
kJ mol~! and is among the highest values reported to date for a hydrocarbon-based porous organic
material. However, the Qst decreases rapidly for BB-POP-1 and 2 and this rapid reduction is
probably due to the depletion of available surface area for adsorption, owing to the low surface
area. On the other hand, BB-POP-3 shows a stabilizing trend of the Qst with good initial Qs value

of 24.0 kJ mol™2.
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Figure 2-11. CO> adsorption isotherms adsorption (filled circles) desorption (open circles) for
BB-POP-1 (blue), BB-POP-2 (green) and BB-POP-3 (red) at (a) 273 K (b) 298 K and (c) Heat of
adsorption for CO>

The H> adsorption isotherms of BB-POPs were also measured at 77 K (Figure 2-12). BB-POP-3
shows moderate H, uptakes of 1.08 wt.% at saturation pressure. Two lower surface area POPs:

BB-POP-1 and 2 also demonstrate competitive H2 adsorption capacities 0.78 wt.% and 0.76 wt.%.
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However, the H; adsorption capacity of BB-POP-3 is higher than that of the planar analogue: HBC

based HBC-POP-1 and 2 (0.8 wt.%) which were also built with TPM.3*
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Figure 2-12. H, adsorption isotherms at 77 K for BB-POP-1 (blue), BB-POP-2 (green) and BB-
POP-3 (red)

2.4.3 Electrochemical properties

To determine whether the redox capability of corannulene is retained upon its incorporation into a
POP, cyclic voltammetry (CV) of BB-POP-2 and 3 was carried out (Figure 2-13, Figure 2-14,
Table 2-3). BB-POP-2 shows three distinct reduction events its peak potentials of -1.38 V, -1.76
V, and -2.55 V. BB-POP-3 shows four distinct reduction events at -1.61 V, -1.91 V, -2.42 V, and
-2.73 V. Reduction potentials of the model compound BB-PA are less negative than corannulene
which illustrates stronger electron accepting behavior in comparison with unfunctionalized
corannulene. The first two reduction potentials of BB-POP-2 are also less negative than that of
corannulene. These CV curves of POPs resemble the shape of corannulene and BB-PA, indicating
that the redox properties of corannulene are retained after incorporation into a POP, although they
are shifted slightly in comparison with both control compounds and with respect to one another.

It is likely that the nature of the porous polymer structure contributes to these changes. Future

42



studies will attempt to gain more detailed insight into how an enforced porous microenvironment

can affect the redox properties of corannulene-based materials.

10 10
ity oy,

0 P o
< o~ . A <
S0 | T '.’ ! =-10
= fpmeey ) =
= r,' O = 20
= -20 "": AV i
© . Corannulene ©

-30 )/ Reference -30 BB-PA

40 40

3 25 2 15 1 05 0 3 25 2 A5 1 05 0
Potential (V) vs Ag/Ag" Potential (V) vs Ag/Ag™
10
0

< <
f -10 =
g £
= 20 g
= =
@] @]

-30 ——BB-POP-2

-40 -40

-3 25 -2 15 -1 05 0 -3 25 -2 -15 -1 05 0
Potential (V) vs Ag/Ag™ Potential (V) vs Ag/Ag*™

Figure 2-13. Cyclic voltammograms of BB-POP-2 and 3, corannulene (1 mM), BB-PA (1 mM)
and reference (bare gold electrode) in 0.1 M tetrabutylammonium hexafluorophosphate /DMF
using Pt mesh as the counter electrode, Ag/Ag™ as the reference electrode and Au as the working
electrode

Table 2-3. Reduction potentials vs Ag/Ag* of corannulene, BB-PA and BB-POPs in
DMF/BuzNPFg (0.1 M)

Sample Ep (1) IV Ep (1) IV Ep (111) /V Ep (IV) IV
Corannulene -1.50 -1.78 -2.35 -2.72

BB-PA -1.39 -1.68 -2.11 -2.62
BB-POP-2 -1.39 -1.76 -2.55 n/o
BB-POP-3 -1.62 -1.91 -2.43 -2.83

n/o = not observed

43



—— BB-POP-2

-3 -2.5 -2 -1.5 -1 -0.5 0
Potential (V) vs Ag/Ag*

Figure 2-14. Cyclic voltamograms of corannulene (1 mM), BB-PA (1 mM), BB-POP-2 and 3 in

0.1 M tetrabutylammonium hexafluorophosphate/DMF using Pt mesh as the counter electrode,
Ag/Ag" as the reference electrode and Au as the working electrode

25 Conclusion

In summary, we have succeeded in the design and preparation of a corannulene based porous
polymer via Sonogashira copolymerization between 1,2,5,6-tetrabromocorannulene (TBC) and
both planar (DEB, TEB) and tetrahedral (TPM) alkyne monomers, resulting in polymers with
microporous structures and CO- adsorption properties that are higher than expected given their
moderate surface areas. Furthermore, the corannulene units of the polymers retain their redox
activity, demonstrating potential as robust materials for electrochemical applications such as

supercapacitors and batteries. This combination of porosity and redox activity could also create
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new opportunities for the application of porous materials as electrochemical sensors or redox

catalysts.
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3.1 Abstract

Toxic volatile organic compounds (VOCs) including benzene and toluene that are emitted from
industrial chemical processes and outdoor or indoor chemical applications are harmful to the
environment and threaten human health. Porous organic polymers (POPs), which have attracted
much interest during the last decade as materials for gas adsorption and separation, have only
recently gained attention for the adsorption of VOCs. We synthesised two POPs based on
hexaphenylbenzene (HEX-POP-93) and hexabenzocoronene (HBC-POP-98) and studied the
adsorption of organic vapours. Interestingly, while both POPs have moderate BET surface areas
(687 and 548 m?/g respectively), they both show an excellent affinity for organic vapours over

water, with a high benzene adsorption capacity of 99.9 wt% for HEX-POP-93.

3.2 Introduction

Volatile organic compounds (VOCSs) such as benzene, toluene, ethylbenzene, xylenes (BTEX),
cyclohexane, and halogenated hydrocarbons are important industrial chemicals for a wide variety
of applications including paints, cleaners, lubricants, and petrochemical fuels.! Despite their
ubiquitous use, the presence of these compounds in the atmosphere can pose a direct risk to both
human health and the environment, even at low concentrations.>® Prolonged exposure to these
compounds can cause various skin and eye irritations, asthma or even cancer.5® VOCs can also
contribute to the formation of secondary organic aerosols, ground level ozone, and smog.®*!

Hence, during the last two decades, the removal of VOCs has gained increasing attention.?*3
Among various possible removal methods including thermal or catalytic oxidation, biofiltration,

and condensation, recovery of VOCs by adsorption is considered to be an efficient, convenient
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and economical method. Activated carbon (AC) and its derivatives*® are the most studied
adsorbents for this purpose. Recently, metal organic frameworks (MOFs)''-1° and porous organic
polymers (POPs)?°-?? have been investigated as alternative adsorbents. ACs and MOFs are good
adsorbents for many gases and vapours, but the hydroscopicity of ACs and poor moisture stability
of most MOFs limit their practical applications.

In contrast, POPs, which consist of purely organic structures linked via covalent bonds, are
exceptionally stable in water and other corrosive solvent conditions, while maintaining their
sorption capability.?> Numerous POPs have been reported over the last decade utilizing a diverse
set of monomers and covalent linkages, allowing for the design of POP structures for specific
applications.?>2?® Our group has previously reported the synthesis and gas sorption properties of
POPs and an azine COF containing the polycyclic aromatic hydrocarbon monomers
hexaphenylbenzene (HEX) and hexabenzocoronene (HBC).?°3! HBC is a planar molecule with
extended m-conjugation where as HEX has a propeller-like non-planar conformation due to steric
interactions between neighbouring phenyl groups (Figure 3-1). Because of their shape, symmetry
and aromatic structure both are interesting structural motifs for the construction of organic
materials.3?-% However, there are only a few examples of HEX and HBC-based porous materials,
and none of them have been studied for VOCs adsorption.?®3742 Herein, we are reporting the
synthesis and gas/vapour adsorption properties of two new POPs synthesised via Sonogashira
copolymerization of tetrakis-4-ethynyl tetraphenylmethane (TPM) with hexaiodide functionalized

monomers: HEX-61 and HBC-61 (Figure 3-2).
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HEX HBC

Figure 3-1. Structure of hexaphenylbenzene (HEX) and hexabenzocoronene (HBC)
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Figure 3-2. Reaction conditions for the synthesis of HEX-POP-93 and HBC-POP-98

3.3  Experimental

3.3.1 Materials and methods

All reagents were purchased from commercial suppliers (Sigma-Aldrich and Fisher Scientific) and
used as received. Low-pressure gas and vapour adsorption experiments (up to 760 torr) were

carried out on a Micromeritics ASAP 2020 analyser. Ultrahigh purity grade N> and CO2 were
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obtained from Airgas Corporation and benzene, cyclohexane, toluene, and methanol were obtained
from Fisher Scientific. Filtered, deionized H,O was used in adsorption measurements. Samples
were degassed under dynamic vacuum for 12h at 100 °C prior to each measurement. N2 isotherms
were measured using a liquid nitrogen bath (77 K). CO», benzene, toluene, cyclohexane, methanol,
and water isotherms were measured in a room temperature water bath (298 K). CO. isotherms
were also measured using an ice water bath (273 K). Pore size distributions were calculated from
the adsorption branch with the nonlocal density function theory (NLDFT) carbon slit-pore model
in the Micromeritics software package. Fourier transform infrared (FT-IR) spectra were taken on
a Nicolet 380 FT-IR with a Smart Orbit diamond attenuated total reflectance (ATR) cell. The
thermogravimetric analyses (TGA) were performed using a TA Instrument SDT Q600 Analyzer
under nitrogen atmosphere with a heating rate of 10 °C min~! from 30-670 °C. Powder X-ray
diffraction (PXRD) of polymers was carried out on a Bruker D8 Advance diffractometer with a
sealed tube radiation source (Cu Ka, A = 1.54184 A), a no background sample holder, and a
Lynxeye XE detector. Energy dispersive X-ray spectroscopy (EDX) analysis was carried out using
scanning electron microscope (SEM) images acquired on a Zeiss SUPRA40 SEM instrument.
EDX mapping was carried out using an Oxford Instruments EDX detector with Zeiss-LEO model
1530 SEM instrument. The samples were prepared on 15 mm aluminum stubs using double-sided
adhesive copper tapes. The uncoated samples were imaged at a working distance of 10 mm and a
voltage of 15 kV using a secondary electron detector. Solid state NMR 3C-cross-polarization at
magic-angle spinning (CPMAS) and 3C-non-quaternary carbon suppression (NQS) NMR
measurements were performed on 7.1-T (proton radio frequency of 300 MHz) on Bruker Avance

I11 with a double resonance HX probe. The samples are contained in 4-mm outer diameter zirconia
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rotor with Kel-F end-cap spinning at 12 kHz. Proton-carbon matched ramped-amplitude cross
polarization, center at 50 kHz, was performed with 2-ms contact time. The proton dipolar
decoupling was achieved by applying two-pulse phase modulation (TPPM15) on the 1H channel
during the acquisition. The © pulse length was 5 ps for 13C and the recycle delay was 3s. The line

broadening for spectrum was 20 Hz.

3.3.2 Monomer synthesis

The synthesis of tetrakis(4-ethynyl)-tetraphenylmethane®? (TPM), hexa(4-
iodophenyl)benzene®344-46 (HEX-61) and hexakis (4-iodo)-peri-hexabenzocoronene®* (HBC-6l)

were performed using previously reported protocols (Figure 3-3).

3.3.3 Polymer synthesis

HEX-POP-93: To a pressure tube containing HEX-61 (100 mg, 0.078mmol) and TPM (48.4
mg, 0.116 mmol) was added THF (3 mL) and EtsN (1 mL). This was purged with nitrogen for 10
min before Pd(PPhz)s (13.4 mg, 0.012mmol) and Cul (2.2 mg, 0.012 mmol) were added and the
tube was sealed. The reaction was then heated at 60 °C for 20 h. After that time a brown solid had
formed which was collected by filtration, and washed with THF (100 mL), followed by hot DMSO
(200 mL) until the filtrate was colorless. The polymer was then soaked in THF overnight. The
solid was then collected by filtration again and washed with CH2Cl, (200 mL), and acetone (200
mL) until the filtrate was colorless. (87.4 mg, 98%)

HBC-POP-98: This procedure was adapted from a previously reported protocol for Sonogashira
couplings using HBC-61.% To a pressure tube containing HBC-61 (60 mg, 0.047 mmol) and TPM

(29.3 mg, 0.071 mmol) was added piperidine (4 mL). This was purged with nitrogen for 10 min
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before Pd(PPh3)4 (8.1 mg, 0.070 mmol) and Cul (1.3 mg, 0.070 mmol) were added and the tube
was sealed. The reaction was then heated at 52 °C for 20 h. After that time the reaction was filtered,
and the resulting light brown solid was washed with 1M HCI (20 mL) followed by water (100

mL), hot DMSO (200 mL), CH2Cl> (200 mL), and acetone (200 mL) until the filtrate was colorless.

L3O &
KOH, EtOH
30 min, reflux
kY ®
dlphenvl ether
O 300 W, 250 °C, 1 h I

O
N

(46.7 mg, 88%).

FeCls, CH;NO;
CH,Cl,, RT, 24 h

I, CH,Cly, O
1

O~

HPB-61

Figure 3-3. Synthesis of hexa(4-iodophenyl)benzene (HPB-61) and hexakis(4-iodo)-peri-
hexabenzocoronene (HBC-61)

3.4 Result and discussion

3.4.1 Synthesis and characterization

HPB-POP-93 and HBC-POP-98 were synthesized from HEX-61 and HBC-61 (Figure 3-2)
respectively via co-polymerization with TPM. The products were insoluble in common organic
solvents indicating the formation of a hyper-crosslinked skeletal structure. FT-IR spectra shows a
significant reduction of alkyne C-H stretching in each of the two POPs compared to pre-
polymerized TPM (Figure 3-4). This confirms the polymerization and indicates that there is little

unreacted alkyne in the POP samples. In order of confirm their structures two POPs were
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characterized with solid state NMR. Figure 3-5 shows 3C-CPMAS (solid line) and 13C-NQS (red
line) spectra. The difference spectrum, which is a result of spectral subtraction of NQS from
CPMAS, is shown as dotted line in the figure. 13C-NQS selects for the quaternary carbons and
carbons without proton attached. NQS and difference spectra were used to confirm chemical shift
assignments. EDX analysis (Figure 3-6, Table 3-1) indicates there are on average 0.91 and 0.86
unreacted iodine atoms per HEX or HBC units, respectively, in the polymers. The presence of
unreacted iodides and alkynes is not unexpected owing to the steric hindrance of the TPM units
which cause some of the halides to become too confined to react further.*’

The TGA show that the 10% weight loss of HEX-POP-93 and HBC-POP-98 take place at 417 and
359 °C, respectively (Figure 3-7). The PXRD diffraction patterns (Figure 3-8) show both POPs to
have largely amorphous structures. Interestingly, HBC-POP-98 shows a broad reflection at 20
~26°. Our previous HBC-POPs?*% also showed this peak which is likely due to long range order
arising from the face-to face n-stacking between the planar HBC components of the polymers.
Face-to-face m-stacking of HBC is expected in both the solution and solid-state. Even with a
tetrahedral linker the HBC units may be able to adopt face-to-face zn-stacking interactions as
observed in our previous work.?*% As expected, HEX-POP-93 did not show this peak, since the

propeller shape of the HEX is less likely to participate in this kind of stacking.
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Figure 3-4. IR spectra of starting material: TPM and two POPs: HEX-POP-93 and HBC-POP-98
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Figure 3-5. Solid state 3C-CPMAS and *C-NQS NMR spectra
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Figure 3-6. Carbon and iodine EDAX maps of HEX-POP-93 and HBC-POP-98

Table 3-1. Elemental ratios in HEX-POP-93 and HBC-POP-98 for carbon, iodine, and palladium
based on EDX analysis

Weight %
Sample
C% 1% Pd%
HEX-POP-93 89.90 9.50 0.60
HBC-POP-98 90.34 9.00 0.65
100% - —— HEX-POP-93
——HBC-POP-98
‘?\: 920% -
E,J 80% A
=
70%
60%

0 100 200 300 400 500 600 700
Temperature (°C)

Figure 3-7. TGA curves of HEX-POP-93 and HBC-POP-98
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Figure 3-8. PXRD patterns of HEX-POP-93 and HBC-POP-98

3.4.2 Porosity measurements and gas uptake

The accessible surface areas and pore size distributions were determined for both HEX-POP-93
and HBC-POP-98 using N2 adsorption measurements at 77 K. As seen in Figure 3-9, HEX-POP-
93 and HBC-POP-98 have similar N, uptake capacities of 246 cm®/g and 242 cm®/g, respectively.
The N2 isotherms show rapid N2 uptake at low relative pressures (P/Po < 0.01), which is typical
for microporous materials. Pore size distributions (Figure 3-9) also indicate both POPs are
predominantly microporous (pore width < 2 nm), possessing two major micropore centers of
approximately 1.2 nm and 1.7 nm. The Brunauer, Emmett and Teller (BET) and Langmuir surface
areas for both POPs were calculated using the N> adsorption in the low-pressure range (P/Po 0.01-
0.1) (Table 3-2). Both HPB and HBC POPs show moderate BET surface areas of 687 m?/g for

HEX-POP-93 and 548 m?/g for HBC-POP-98. These surface areas are consistent with previously

reported HEX and HBC based Sonogashira polymers.2°3037
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Figure 3-9. Nitrogen adsorption (solid symbols) and desorption (open symbols) isotherms at 77
K and pore size distribution (solid line) and cumulative pore volume (dash)

Table 3-2. Surface area and pore structure properties of polymers obtained by N> adsorption

BET surface area Langmuir Horvath Kawazoe pore
Sample name
(m?/g) surface area (m?/g) volume (cm®/g)
HEX-POP-93 687 740 0.38
HBC-POP-98 548 589 0.41

The CO- adsorption isotherms for the two polymers were measured at 273 K and 298 K (Figure
3-10). The amount of CO- adsorbed continually increases with the pressure, implying that the CO>
adsorption by the porous network has not reached its equilibrium or saturated state in the measured
pressure range. Both POPs demonstrate similar uptake capacities of CO,. HEX-POP-93 and HBC-
POP-98 show CO> uptake of 45 cm®/g (8.8 wt. %) and 41 cm®/g (8.0 wt. %), respectively at 273

K and 900 mmHg.
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Figure 3-10. CO; adsorption desorption isotherms at 273 K (circle) and 298 K (triangle)

3.4.3 Vapor adsorption measurements

In order to analyse the organic vapour adsorption properties of these two novel polymers,
adsorption isotherms of benzene, toluene, cyclohexane and methanol were measured at 298 K.
(Figure 3-11) The adsorption isotherm of water vapour at the same temperature was also measured
for comparison. Both polymers exhibit good uptake of organic vapours while the water adsorption
capacities are exceptionally low (1 % and 0.5 % for HEX-POP-93 and HBC-POP-98, respectively)
(Figure 3-12, Figure 3-13).

The adsorption capacities for benzene, toluene and cyclohexane with HEX-POP-93 are 99.9, 47.1
and 25.4 wt. %, respectively (Figure 3-13). HEX-POP-93 displays remarkably high adsorption
capacity for benzene that is nearly four times that of its aliphatic counterpart cyclohexane and two
times that of toluene. The sorption capacity of HEX-POP-93 for benzene compares favorably with
many other phenyl, biphenyl or naphthalene-based MOFs and POPs (Table 3-3). However, many

of them possess higher surface areas and higher water adsorption capacities than that of HEX-
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POP-93. High adsorption capacity for benzene compared to low surface area can be explained by

the large amount of accessible n-m interactions available between the HEX units and benzene. The

adsorption capacity for toluene is less than that of benzene, probably due to the slightly larger

kinetic diameter of toluene (6.1 A) compared with benzene (5.9 A).
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Figure 3-11. Adsorption and desorption isotherms of (A) benzene, (B) toluene, (C) cyclohexane
and (D) methanol vapour for HEX-POP-93 and HBC-POP-98 at 298 K

The adsorption capacities for benzene, toluene and cyclohexane with HBC-POP-98 are 53.0, 54.6

and 51.7 wt%, respectively (Figure 3-13). The surface area of HBC-POP-98 is slightly lower than
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HEX-POP-93, but the benzene adsorption capacity is nearly half. As indicated from the PXRD,
HBC-POP-98 displays some long-range order, likely arising from n-7 interactions between HBC
units. This arrangement could possibly reduce the amount of benzene adsorption in the polymer
via n-m interactions, leading to the lower observed adsorption capacity in HBC-POP-98. The pore
volume of HBC-POP-98 is slightly larger than HEX-POP-93, which may account for the slightly
higher adsorption of toluene and better adsorption of cyclohexane by HBC-POP-98 than that of
HEX-POP-93.

Interestingly, though both the polymers have poor water uptake capacities, they have good
adsorption capacities for methanol (36.2 wt% and 34.0 wt% for HEX-POP-93 and HBC POP-98,
respectively). The adsorption of methanol for both is high (254 cm®/g and 238 cm®/g) and much
larger than those of other organic vapors. This may be due to methanol having the smallest size

among all four organic adsorbents.
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Figure 3-12. Adsorption isotherms of cyclohexane, benzene, toluene, methanol and water
vapours at 298 K for (a) HEX-POP-93 and (b) HBC-POP-98
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Figure 3-13. Adsorption weight percent of cyclohexane, benzene, toluene, methanol and water
vapours at 298 K for HEX-POP-93 (red) and HBC-POP-98 (blue)

After each adsorption isotherm was measured, the samples were resubjected to the activation
conditions (120 °C, vacuum, 12h) to remove the adsorbed solvent molecules. The adsorbed
solvents could be completely removed as confirmed by measuring the mass of the sample before
and after the adsorption analysis. Previous work has indicated that irreversible adsorption can
potentially occur, even in cases where only physisorption is expected.*® However, as the polymers
are synthesized in organic solvents, we expect that if such sites were to exist in these materials,
they would have become occupied during the polymerization reaction

Table 3-3. Adsorption capacities for POPs in this work and other materials
Material BET Adsorption wt.% Referen

surface  Benzene Toluene Cyclohexane Methanol Water ce

darea
HEX-POP-93 687 99.9 47.1 25.4 36.2 1.0 2
HBC-POP-98 548 53.0 54.6 51.7 34.0 0.5 2
MIL-101 3900  130.4° - - - - 1
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2in this work, ® calculate from given mmol g* values, ¢ calculated from given mg g* values

66



35 Conclusion

In summary, we have successfully synthesized two novel porous organic polymers: HEX-POP-93
and HBC-POP-98 via a Sonogashira copolymerization reaction and confirmed it to be microporous
by N2 adsorption measurements. Both polymers possess moderate surface areas, but good organic
vapour adsorption capacities. Moreover, HEX-POP-93 exhibits excellent adsorption capacity
(99.9 wt. %) and preference for benzene over cyclohexane, toluene and water. HBC-POP-98 shows
high adsorption capacities for benzene, toluene and cyclohexane. In contract, the water adsorption
capacities were very low (<1 wt. %), making these POPs promising materials for adsorbing VOCs

under practical conditions where water is present.
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4.1 Abstract

Porous graphene possesses the combined properties of graphene and nanoporous materials making
it an emerging material of interest for gas and energy storage applications. Expanded polycyclic
aromatic hydrocarbons (PAHS), such as hexabenzocoronene (HBC) have gained renewed attention
since the discovery of graphene, as they also possess some of the high stability and electrical
conductivity of graphene. However, the synthesis of porous materials with PAHSs is challenging
due to their low solubility and reactivity. Hence, we have designed a bottom up synthesis of
nanographene (NG) based porous polymers via the post-synthetic cyclodehydrogenation of highly
porous hexaphenylbenzene (HEX) based POPs. The resulting NG based polymers possess good

CO- adsorption capacities (22 wt. % for HEX-SO-DDQ-5d).

4.2 Introduction

Porous graphene is considered a promising material because of its high surface area, mechanical
strength, excellent electrical conductivity, and good thermal stability making it a highly promising
material not only for gas and energy storage? but also for energy conversion applications such as
lithium batteries, supercapacitors, and dye-sensitized solar cells.® Strong n-n stacking and Van der
Waals interactions between sheets limits available surface area of graphene.* Hence, porous
graphene should have designed to overcome these n- © stacking to gain higher surface area. Today
porous graphene are obtained mainly via templet-assisted methods such as aryl-aryl coupling of
phenylene or non-templet methods such as by electron or helium ion beam irradiation. However,

the controlled synthesis of porous graphene and other carbonaceous materials is challenging and
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herein, stepwise bottom-up chemical synthesis immerged as a solution to the problem of structure
control.>®

Polycyclic aromatic hydrocarbons (PAHs) which are also sometimes referred to as nanographenes
(NGs) have gained considerable attention as precursors for graphene through a bottom up synthetic
approach.® Though their electronic structures differ from that of graphene due to their smaller size,
they also possess high thermal and chemical stability and high charge-carrier mobility making
themselves promising materials for applications in organic electronics. Hence, porous materials
synthesized with PAHSs such as hexa-peri-hexabenzocoronene (HBC) also possess high thermal
stability, highly conductivity and better CO, and volatile organic compounds (VOCs) adsorption.”
10 HBC (Figure 4-1) is considered to be the smallest nanographene.® However, incorporation of
HBC in to porous materials is challenging due to its low solubility driven by strong n-7 stacking.
HBC based porous materials also possess n-n stacking limiting the available surface area for gas
and VOCs adsorption via van der Waals interactions.’

On the other hand, hexaphenylbenzene (HEX), the precursor of HBC (Figure 4-1) has a propeller
shape, soluble in variety of solvents and is easily functionalized.®° In general, HBC can be
synthesized through the oxidative cyclodehydrogenation, specifically a Scholl oxidation (SO), of
HEX (Figure 4-1).1* Herein, we demonstrate a bottom up synthetic approach for the synthesis of
HBC or NG based porous organic polymers (POPs) via post synthetic cyclodehydrogenation of
high surface area HEX based POPs to avoid the inherent n-n stacking and to possess high surface
area and high gas adsorption.

In recent years the synthesis of hypercrosslinked POPs (HCPs) using the Friedel-Crafts (FC)

reaction has been reported as an efficient, economical and convenient strategy for making porous
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materials.*> Here aromatic monomers are polymerized with an external crosslinker such as
formaldehyde dimethylacetal (FDA), in the presence of equivalent amounts of anhydrous
FeCl3.1213 In the resulting polymer structure the aromatic monomers are interconnected via
methylene groups. Very recently, the direct coupling of aromatic monomers via Scholl oxidation
(SO) in the presence of AIClsresults in the formation of a porous aromatic framework (PAF) was
reported as the most inexpensive method to synthesize POPs as it does not require an external
cross linker.**¥ Thus, these two approaches are low-cost and avoid the use of noble metal
catalysts, and the need for monomers with a specific polymerizable functional group. Hence, we

select these methods for synthesizing initial HEX based hydrocarbon porous polymers.

Graphenes

¥ o ‘)
“ M" Cyclodehydroganation I" ‘»

CuCl,/AICI; y
zf? -] o 4
FeCly/CH;NO,/CH,Cl,

or
DDQ/CF;S0;H/CH,Cl,

Figure 4-1. Structures of graphene, hexabenzocoronene (HBC) and hexaphenylbenzene (HEX)
and synthesis of HBC via cyclodedrogenation of HEX

Herein, a HEX based POP (HEX-FC) was synthesized via FC reaction in the presence of FeCls (6
equiv) and formaldehyde dimethyl acetal (FDA) (6 equiv) to obtain a high surface area. It has
found that HBC does not undergo FC polymerization (Figure 4-2, Method 1). Also,

polymerization reaction of HEX with excess of FeClz (60 equiv) in the presence of FDA for the
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consecutive polymerization and cyclodehydrogenation also resulted only a low porosity (Figure
4-2, Method 2). Then, cyclodehydrogenation of HEX-FC with FeCls/CH3NO. or with
DDQ/CF3SOs3H for post polymerized SO (Figure 4-2, Method 3 and 4) was thus studied as a
method of obtaining NG based porous system. The second HEX based conjugated POP
synthesized based on direct SO of HEX (HEX-SO) was also subjected to post synthetic SO with
DDQ/CF3sSO3H to and post synthetically cyclodehydrogenated to obtained a NG based conjugated
porous system (Figure 4-3).

Post polymerized cyclodehydrogenation has previously been used for other systems such as
synthesis of graphene nano ribbon (GNRs)*%23 and GNR based porous systems.>?* To the best of
our knowledge this is the first report on using post polymerized cyclodehydrogenation for the

synthesis of HBC-based porous polymers

Method 1:
FeCl; (6 eq), FDA,
DCE, 23 h, 80 °C

Method 2:
FeCl; (60 eq), FDA,
DCE, 23 h, 80 °C

Method 3:

FeCl; (50 eq), CH3NO,
DCM. 24 h, rt

Method 4:

DDQ (6 eq), CF;SO;H
DCM, 2 hor24 h,rt

FeCl; (50 eq),
CH;NO,
DCM. 24 h, rt

FeCl; (6 eq), FDA, DCE,

23 h,80°C O O
.~ ~ ®
)

R

g
®

O

®
®
J

Figure 4-2. Different approaches for the synthesis of nanographene based POP via Friedel Crafts
polymerization
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FeCl;, FDA HEX AICI (6 eq),
DCE, 23 h, 80 °C CH,Cl,, 24 h, 60 °C

/

"
HEX-FC HEX-SO
DDQ (6 eq), CF3SO;3H, DDQ (6 eq), CF3SO3H,
CH,Cly, 1d, rt CH,Cl,, 5 d, rt

HEX-FC-DDQ-1d HEX-SO-DDQ-5d

Figure 4-3. Synthesis of HEX-FC, HEX-SO and nanographene based POPs of each via
cyclodehydrogenation

4.3  Experimental

4.3.1 Materials and methods

All reagents were purchased from commercial suppliers (Sigma-Aldrich and Fisher Scientific) and
used as received. Low-pressure gas adsorption experiments (up to 760 torr) were carried out on a
Micromeritics ASAP 2020 analyzer. Ultrahigh purity grade N2, CO2 and CH4 were obtained from
Airgas Corporation. Samples were de-gassed under dynamic vacuum for 12 h at 120 °C prior to

each measurement. N2 isotherms were measured using a liquid nitrogen bath (77 K). CO. was
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measured using a room temperature water bath (298 K) and an ice water bath (273 K). Pore size
distributions were calculated from the adsorption branch with the nonlocal density function theory
(NLDFT) carbon slit-pore model in the Micromeritics software package. Raman analysis were
performed on DXR Raman microscope from Thermo Scientific with a 532 nm laser. Fourier
transform infrared (FT-IR) spectra were taken on Agilent Technology Carry 600 series FTIR
spectrometer with a smart orbit diamond attenuated total reflectance (ATR) cell. The
thermogravimetric analyses (TGA) were performed using a TA Instrument SDT Q600 Analyzer
under nitrogen atmosphere with a heating rate of 10 °C min—1 from 30-900 °C. Powder X-ray
diffraction (PXRD) of polymers was carried out on a Bruker D8 Advance diffractometer with a
sealed tube radiation source (Cu Ka, A = 1.54184 A), a no back-ground sample holder, and a
Lynxeye XE detector. (SEM) images acquired on a Zeiss SUPRA40 SEM instrument. The samples
were prepared on 15 mm aluminum stubs using double-sided adhesive copper tapes. Matrix-
assisted laser desorption/ionization (MALDI) was performed on Shimadzu Biotech AXIMA

Confidence MALDI-TOF Mass Spectrometer.

4.3.2 Monomer synthesis

HEX and HBC was synthesized based on previously reported methods (Figure 4-4) 227

a3 >
KOH, EtOH O O
30 min, reflux o
9 Q0 dlphenyl ether O
300 W, 250 °C, 1 h O O

Figure 4-4. Synthesis of Hexaphenylbenzene
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4.3.3 Polymer Synthesis

HEX-FC: To a round bottomed flask with HEX (53.5 mg, 0.1 mmol) FDA (52.9 uL, 0.06 mmol)
in 1,2-dichloroethane (DCE, 4 mL), anhydrous ferric chloride (97.3 mg, 0.6 mmol) was added.
The resulting mixture was heated at 80 °C for 23 h under N2 atmosphere. After cooling, the solid
product was filtered and washed with methanol (100 mL) and dichloromethane (100 mL) with
sonicating twice with each (20 mL) for 20 min until the filtrate was colorless, further purified by
Soxhlet with methanol for 16 h, washed with acetone (100 mL) and dried. The polymer material
was obtained as a light brown solid (45 mg, 79 %)

HEX-SO: To a round bottomed flask with HEX (300 mg, 0.56 mmol) in dichloromethane (DCM,
10 mL) AICIs (449 mg, 3.37 mmol) was added. The resulting mixture was heated at 60 °C for 24
h under N> atmosphere. After cooling, the solid product was filtered and washed with methanol
(100 mL) and dichloromethane (100 mL) with sonicating twice with each (20 mL) for 20 min until
the filtrate was colorless, further purified by Soxhlet with methanol for 16 h, washed with acetone
(100 mL) and dried. The polymer material was obtained as a pale yellow solid (240 mg, 81%)
Method 1: To a round bottomed flask with HBC (52.3 mg, 0.1 mmol) and FDA (52.9 uL, 0.06
mmol) in 1,2-dichloroethane (DCE, 4 mL), anhydrous ferric chloride (97.3 mg, 0.6 mmol) was
added. The resulting mixture was heated at 80 °C for 23 h under N atmosphere. After cooling, the
solid product was filtered and washed with methanol (100 mL) and dichloromethane (100 mL)
with sonicating twice with each (20 mL) for 20 min until the filtrate was colorless, further purified
by Soxhlet with methanol for 16 h, washed with acetone (100 mL) and dried. The polymer material

was obtained as a light brown solid (24 mg, 43%).
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Method 2: To a round bottomed flask with HEX (53.4 mg, 0.1 mmol) and FDA (52.9 uL, 0.06
mmol) in 1,2-dichloroethane (DCE, 4 mL), anhydrous ferric chloride (973.2 mg, 6 mmol) was
added. The resulting mixture was heated at 80 °C for 23 h under N, atmosphere. After cooling, the
solid product was filtered and washed with methanol (100 mL) and dichloromethane (100 mL)
with sonicating twice with each (20 mL) for 20 min until the filtrate was colorless, further purified
by Soxhlet with methanol for 16 h, washed with acetone (100 mL) and dried. The polymer material
was obtained as a light brown solid (47 mg, 84%).

Method 3: To a round bottomed flask with HEX-FC (50 mg) in dichloromethane (DCM, 25 ml),
FeClz (0.75 mg, 4.67 mmol) in nitromethane (3 mL) was added. The resulting mixture was stirred
at room temperature for 24 h under N2 atmosphere. The solid product was filtered and washed with
methanol (100 mL) and dichloromethane (100 mL) sonicated twice with each (20 mL) for 20 min
until the filtrate was colorless, further purified by Soxhlet with methanol for 16 h, washed with
acetone (100 mL) and dried. The polymer material was obtained as brown solid (HEX-FC-FeCls,
41 mg, 73%).

Method 4: To a round bottomed flask HEX-FC or HEX-SO (50 mg) in dichloromethane (DCM,
20 mL) DDQ (155 mg) and CF3SOsH (50 uL) were added. The resulting mixtures were stirred at
room temperature for 2 h and 24 h for HEX-FC and 24 h or 5 days for HEX-SO under N2
atmosphere. Reactions were quenched with sat. K2COz solution. The solid products were filtered
and washed with water (100 mL) until the filtrate is neutral and then with methanol (100 mL) and
dichloromethane (100 mL), sonicated twice with each (20 mL) for 20 min until the filtrate was
colorless, further purified by soxhlet with methanol for 16 h, washed with acetone (100 mL) and

dried. The polymer materials were obtained as a dark brown and reddish brown solid respectively
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for HEX-FC-DDQs (HEX-FC-DDQ-2h, 40 mg, 71% and HEX-FC-DDQ-1d, 30 mg, 54%) and

HEX-SO-DDQs (HEX-SO-DDQ-1d, 25 mg, 48% and HEX-SO-DDQ-5d, 38 mg, 73%).

4.4 Result and Discussion

4.4.1 Synthesis and characterization

Raman spectra of product were performed to confirmed the cyclodehydrogenation (Figure 4-5).
HEX-FC-DDQ-1d clearly shows first-order D band (disorder band) and G band (graphite band)
respectively at ~1330 and ~1600 cm™ that are standard for graphene-based materials. A broad 2D
band was also obtained in 2500-3000 cm™ range. Bands are qualitatively consistent to the Raman
spectra of previously reported bottom-up synthesized GNRs.*®23 Peaks were fitted using a
Lorentzian equation and the ratios of the integrated intensity of D band to G band (lp/lg) were
calculated to quantitate the extend of reaction (Table 4-1). HEX-FC-DDQ-2h, HEX-FC-FeCls and
products from method 2 also shows a Raman D and G band but Ip/lg ratios are higher than that of
HEX-FC-DDQ-1d. In the product from method 2, D band is more intense than G band. HEX-FC
or product from method 1 does not show the D or G bands. Thus, it indicates that
cyclodehydrogenation on HEX-FC is most efficient using the DDQ oxidation conditions for 24 h.
Similarly, Raman spectra of both HEX-SO-DDQ-1d and HEX-SO-DDQ-5d shows the D and G
bands with low Ip/lg ratios (1.46 and 0.86, respectively) while the initial HEX-SO does not.

The efficiency of the cyclodehydrogenation was also examined by FTIR spectroscopy. The FTIR
spectrum of HEX-FC contains three characteristic peaks between 3000-3100 cm™, that can be
assigned to the aromatic C—H stretches and a strong out-of plane (opla) C-H deformation band at

around 700 cm™. These peaks are attenuated in HEX-FC-FeClz and HEX-FC-DDQ-2h have
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completely disappeared in HEX-FC-DDQ-1d (Figure 4-6). Thus, it indicates that after a 24 h
reaction with DDQ/CFsSOzH, HEX-FC is successfully cyclodehydrogenated. Similarly, the three
characteristic peaks at between 3000-3100 cm™ for aromatic C-H of HEX-SO is also reduced in
HEX-SO-DDQ-1d while completely retarded for HEX-SO-DDQ-5d indicating complete
cyclodedrogenation. HEX-SO required a longer time than HEX-FC for complete
cyclodehydrogenation. This is probably due to the higher steric effect in HEX-SO than that of
HEX-FC as HEX group have directly connected each other in HEX-SO, while in HEX-FC, HEX
groups are connected via methylene groups, where the methylene group will allow the steric
flexibility for the propeller HEX to undergo a cyclodehydrogenation forming planer NG like
structure. Thus, two initial polymers and HEX-FC and HEX-SO and two best photosynthetically
modified polymers HEX-FC-DDQ-1d and HEX-SO-DDQ-5d were selected for future studies.

Thus, two initial polymers (HEX-FC and HEX-SO) and two best post-synthetically modified
polymers (HEX-FC-DDQ-1d and HEX-SO-DDQ-5d) were selected for future studies. Powder X-
ray diffraction (PXRD) indicates all the polymers are amorphous in nature. (Figure 4-7). The
cyclodehydrogenated polymers do not display any broad peaks at ~26° 20 indicative of turbostratic
carbon, while our previously reported HBC based polymers synthesized using direct
polymerization methods do & stacking. Thermogravimetric analysis of POPs indicates polymers
are thermally stable with less than 20 wt.% up to 800 °C at N2 atmosphere (Figure 4-8). SEM
analysis indicate the morphology of initial polymers retain in the post synthetic modified polymers

(Figure 4-9).
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Figure 4-5. Raman spectra of polymers

Table 4-1. Ip/lg ratio based on Raman analysis

Sample Ip/lG ratio
Method 2 3.87
HEX-FC-FeCl3 3.54
HEX-FC-DDQ-1d 3.01
HEX-SO-1d 1.46
HEX-SO-5d 0.86
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Figure 4-6. FT-IR spectra of polymers
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Figure 4-7. Powder X-ray diffraction (PXRD) of polymers
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Figure 4-8. TGA of polymers
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HEX-FC HEX-FC-DDQ-1d

Figure 4-9. SEM images if of initial polymers and corresponding NG polymers

45  Porosity and surface area

N2 adsorption measurements at 77 K were used to measure the accessible surface areas and pore
size distributions of each POP (Figure 4-10). The product obtained from direct FC polymerization
of HBC (Method 1) has a low surface area (57 m?/g). This is possibly because polymerization
might not have occurred owing to the poor reactivity of HBC under FC conditions, or its poor
solubility. MALDI analysis of the product of this polymerization indicates that unreacted HBC is
present. The product obtained via FC reaction on HEX with excess FeClz (60 equiv) (Method 2)
shows moderate N adsorption capacity of 243 cm®/g and BET surface area of 517 m?/g. The
presence of excess amount of FeClz should definitely support the cyclodehydrogenation of HEX

and oligomers of HEX, limiting the progress of FC polymerization parallel to HBC formation.
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However, the same reaction with FeCls (6 equiv) yielded a highly porous polymer, HEX-FC with

high N2 adsorption capacity of 1422 cm®/g and BET surface area 1958 m?/g.

For the cyclodehydrogenation we used two approaches: via mild oxidizing conditions

FeClz/CH3NO2 (method 3, HEX-FC-FeCls) and strong conditions DDQ/CF3SO3zH for 2 h and 24

h (method 4, HEX-FC-DDQ-2h and HEX-FC-DDQ-1d). Based on Raman and FTIR analysis

DDQ/CF3sSO3H method for 24 h was found to do the complete cyclodehydrogenation resulting

product HEX-FC-DDQ-1d which also shows excellent N2 adsorption capacity of 1394 cm®/g and

BET surface area 1722 m?/g (Langmuir 1886 m?/g) (Figure 4-10).

Table 4-2. Pore structure parameters of polymers obtained by N adsorption

BET surface Langmuir surface
Horvath Kawazoe
Sample area area
pore volume (cm?®/g)
(m*/g) (m*/g)
HEX-FC 1958 2046 2.20
Method 1 57 59 0.30
Method 2 509 512 0.38
HEX-FC-FeCls 1677 1814 1.75
HEX-FC-DDQ-2h 1803 1971 2.05
HEX-FC-DDQ-1d 1772 1886 1.07
HEX-SO 2222 2370 2.16
HEX-SO-1d 1332 1448 0.64
HEX-SO-5d 1042 1134 0.56
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Figure 4-10. Nitrogen adsorption (solid symbols) and desorption (open symbols) isotherms at 77
K and pore size distribution (solid line) and cumulative pore volume (dash) of POPs

The direct SO on HEX with AICIz also resulted in a highly porous polymer, HEX-SO, with a BET
surface area of 2222 m?/g and N adsorption capacity of 689 cm®/g. which is exceeds the reported
literature value (BET surface area of 1795 m?/g)® of a similar POP synthesized with HEX under

similar conditions. Either careful polymerization or activation process might have increased our
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surface area and in three different trials we have been able to reproduce our surface area (BET
surface area 2222, 2240, 2272 m?/g). The second SO for post polymerized cyclodehydrogenation
with strong oxidizing agent DDQ/CF3sSOzH for 1d and 5 d resulted in two HEX-SO-DDQs: HEX-
SO-DDQ-1d and HEX-SO-DDQ-5d. HEX-SO-DDQ-1d has BET surface area of 1332 m?/g
(Langmuir 1448 m?/g) while HEX-SO-DDQ-5d has BET surface area of 1042 m?/g (Langmuir
1134 m2/q) (Figure 4-10).

Interestingly, polymers synthesized via SO has a type | isotherm on N2 adsorption while POPs
synthesized via FC has type Il isotherm mean SO polymers are mostly microporous while FC
polymers are micro and mesoporous. This can be observed in porosity distribution as well (Figure
4-10). Thus, it indicates that the direct polymerization of HEX via SO provides a uniform
crosslinking with higher surface area than using a tetrahedral spacer group as in FC. To the best
of our knowledge BET surface area of HEX-SO is the highest reported surface area for any HEX
based porous organic material while the HEX-FC is the second.”?32° Further, BET surface area
of HEX based polymers we are reporting here are higher than many other POPs synthesized via
FC or SO? methods with other aromatic hydrocarbon molecules, for example tetraphenyl methane
based PAF-32 (BET-1679 m?/g)*® and PAF-42 (BET- 640 m?/g)* synthesized via FC and SO
approaches.

Both HEX-FC-DDQ-1d and HEX-SO-DDQ-5d have lower surface area than that of their precursor
polymers while this reduction is much more prominent in the HEX-SO-DDQ. HEX has a propeller
like shape and cyclodehydrogenation should planarized the aromatic system reducing the
accessible surface area for N2. In FC polymers, the external cross-linker may provide a tetrahedral

methylene spacer group which might help support the high surface area even after planarization.
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451 CO2and CH4 adsorption

CO; adsorption isotherms for the POPs were measured at 273 K and 298 K. The amount of CO>
adsorbed continually increases with the pressure, implying that the CO2 adsorption by the porous
network has not reached its equilibrium or saturated state in the measured pressure range. Despite
the lower surface are both NG based POPs they demonstrate higher CO2 uptake capacities (HEX-
FC-DDQ-1d=16.7 wt.%, HEX-SO-DDQ-1d 22.2 wt.% and HEX-SO-DDQ-5d 21.9 wt. %) than
that of corresponding initial POPs HEX-FC and HEX-SO (16.4 wt.% and 20.7 wt.% respectively).
CO; adsorption capacity of HEX-SO is much higher than any other HEX based porous materials.?°
To get further inside in to this, isostatic heats of adsorption (Qst) were calculated based on
adsorption data at 273 and 298 K (Figure 4-11). Initial Qst of NG based POPs are much higher
than the Qs of initial POPs. However, Qs decrease rapidly for NG based POPs while initial POPs
show a stabilizing trend. However, the initial Qs: for NG based POPs is higher than that of initial
POPs. This indicate the graphitization facilitates improved affinity for CO, adsorption. CHs
adsorption isotherms for the POPs were also measured at 273 K and 298 K (Figure 4-12). Despite
the lower surface area, NG based POPs demonstrate higher CH4 uptake capacities as well than that

of the corresponding initial POPs.
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Figure 4-11. CO> adsorption isotherms at (a) 273 K, (b) 298 K and (c) heat of adsorption for CO-
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Figure 4-12. CH4 adsorption isotherms at (a) 273 K and (b) 298 K

4.6 Conclusion

Several methods to post-synthetically cyclodehydrogenate HEX-based polymers were evaluated
on POPs synthesized using both Friedel-Crafts and Scholl polymerizations. We found that
cyclodehydrogenation with DDQ/CF3SO3H on hypercrosslinked HEX based polymers was the

most effective method to convert these polymers to the corresponding hypercrosslinked
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nanographene based polymers. While the cyclodehydrogenation reaction decreased the BET
surface areas it increased the CO> adsorption capacity (up to 22.2 wt.% for HEX-SO-DDQ-1d)
indicating that the presence of the HBC units within the POP influence the properties of the

material.
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