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Abstract

The research in this thesis is concerned with the synthesis of novel microporous
polymeric materials starting from different functionalised monomers. After an
introduction to organic microporous materials, the description of the research begins
by focusing on the synthesis of network and ladder polymers derived from triptycene
compounds with different groups on the bridgehead carbons and aromatic units. In
particular, the effect of such substitution on the porosity of the resuiting polymers is

assessed.

The range of polymeric porous materials is extended by the use of the biphenyl unit
as a building block. Also, a series of microporous polymers were synthesised based
on the hexaazatrinapthylene unit (HATN). A modified HATN monomer was used to
prepare co-polymer membranes and study the effects of such additive on gas

permeability and selectivity.

Some macrocyclic compounds, such as phthalocyanine, with unique geometry are
used to prepare novel polymer of intrinsic microporosity taking advantage of the rigid

non-planar structure of these compounds.

The work concludes by applying Yamamoto coupling polymerisation to some
brominated rigid monomers to synthesise novel microporous polymers that consists
merely of hydrogen and carbon. The prepared polymers is characterised by their

elemental analysis, thermogravimetric analysis and nitrogen sorption analysis.
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INTRODUCTION



Chapter 1. Introduction

Porous materials are continuously connected structures with porosity in at least one
dimension, according to International Union of Pure and Applied Chemistry (IUPAC),
the definition of porosity is ‘having cavities, channels, or interstices, which are
deeper than they are wide'.["" IUPAC classifies porous solids according to the width
of pores and channels in the material: microporous (<2 nm), mesoporous (2-50 nm),
and macroporous (>50 nm). Generally, the synthesis process and the interaction
between the building blocks of a material determine the porosity of a particular type
the material. In addition to conventional porous materials such as activated carbon
and zeolites, extensive research has been performed recently with polymeric
materials exhibiting different levels of porosity; the attractiveness of porous polymers
is due to their unique properties such as high surface area that leads to other
phenomena arising from the spatial dimensions of the material known as adsorption.

Adsorption is of great technological importance, some adsorbents are used on a
large scale as desiccants, catalysts or catalyst supports; others are used for the
separation of gases, liquids purification and pollution control or for respiratory
protection®. In addition, adsorption phenomena play a vital role in many solid state

reactions and biological mechanisms."
1.1 Adsorption phenomena and isotherms

When a gas (adsorbate) is confined in a closed space in the presence of a porous
solid (adsorbent), the solid begins to adsorb the gas onto its surface and into its
pores, the gas molecules are transferred and accumulated on and in the solid
material as a result of the forces between the solid surface and the adsorbate. Two
kinds of forces give rise to adsorption: physical and chemical, these types of
adsorption are termed (physisorption) and (chemisorptions) respectively. Physical
adsorption includes weak Van der Waals interactions with no bond formation or
breaking and often reversible, while in chemisorptions, the adsorbate molecules can
be attached to the adsorbent surface through the formation of chemical bonds (often

covalent).



The amount adsorbed on a solid surface will depend upon the temperature, pressure
and the interaction potential between the vapor and the surface. Therefore, at the
same equilibrium pressure and temperature, a plot of adsorbed gas volume per unit
weight of adsorbent versus pressure is referred to as the sorption isotherm of a

particular vapor-solid interface.

Solid/gas systems have been shown to exhibit characteristic adsorption isotherms
with the first systematic attempt to classify adsorption isotherms for solid-gas
equilibria being proposed in 1940 by Braunauer, Deming, Deming and Teller
(BDDT)™, in which they interpreted five types of isotherms, the same classification
reported again in 1982 by IUPAC® with an additional isotherm identified by Sing.

1AY \Y% 2

Figure 1.1. Schematic representations of different types of adsorption isotherm.

Type I adsorption isotherm is related to adsorption limited to one molecular layer and
indicates that the pores are microporous where pore filling occurs significantly at
relatively low partial pressure and characterised by a plateau which may cut the p/p°
axis sharply or show a tail as saturation pressure is approached. Most adsorption
occurs at low pressure due to high adsorption in pores resulting from a strong
interaction between pore walls and adsorbate with the adsorption process being
essentially complete at 0.5 p/p°. The incidence of hysteresis varies: many of (Type I)
isotherms usually have no hysteresis loops at all, while others display a definite loop.
Type | isotherm is most commonly observed with microporous solid materials, in

which the micropores in the solid are no more than a few molecular diameters in



width, therefore the potential fields from neighbouring walls will overlap and the
interaction energy of the solid with the gas molecule will be correspondingly
enhanced resulting in increased adsorption. Type I isotherm is the only kind that is
reported in the results section of this thesis, although the amount of hysteresis
associated with adsorption at higher pressure varies and it origin is discussed.
Types II-VI isotherms are found for mesoporous, macroporous and Nnon-porous

solids.
1.2 Porosity assessments

A key element of the assessment of porous media is surface area determination but
the accurate measurement of the surface area of porous solids presented a
significant problem in early studies of adsorption. If the physical adsorption capacity
were limited to a close packed monolayer, the determination of the saturation limit
from an experimental isotherm with a known size molecule would be straightforward
leading to the specific surface area. However, this is not so as physisorption
generally involves multilayer adsorption. In multilayer adsorption, molecular layering
commences at pressures well below that required for completion of the monolayer
which leads to uncertainties as to how to extract the monolayer capacity from the

experimental isotherm.

Two methods are widely used to calculate the experimental data and estimate the
surface area: Langmuir and Brunauer, Emmett and Teller (BET), which are both
routinely used to calculate the specific surface area of microporous materials from
nitrogen adsorption measurements

1.2.1 Langmuir Theory of Adsorption.

Langmuir‘el describes the simplest isotherm (Type I) based on monolayer coverage

using a derived equation based on the following assumptions:
(1) Adsorption is a dynamic process.
(2) Adsorption of gas molecules on a surface cannot exceed monolayer coverage.

(3) All sites are equivalent and the surface is uniform.



(4) The ability of a molecule to adsorb at a given site is independent of the
surrounding sites, assuming no interactions between adsorbed molecules.

Since adsorption is considered dynamic, the rate of adsorption equals the rate of

desorption at equilibrium:

A (g) + M (surface) :‘; AM (surface)

Based on these assumptions, Langmuir used a direct kinetic derivation to

describe the adsorption in terms of an equation:

1 +P
" V.b V,

<|™@

where P= pressure of gas; V= equilibrium amount of gas adsorbed per unit mass
of adsorbent at relative pressure p/p° (mmol g”'); Vm = amount of gas required for
monolayer coverage of adsorbent (mmol g™'); b= adsorption coefficient, dependent

on temperature but independent of surface coverage and describing in some way
P
the energetic of the surface; The plot of " against P will yield a straight line with a

slope of 1/, the specific surface area S can be calculated using the following

equat'on S Langmuir = Vm Am NA

The Langmuir theory of adsorption is useful to describe (Type I) adsorption
isotherms but has limitations based on the original assumption, one of which is that it
only applies to monolayer formation and does not take into account adsorption past

this level.

1.2.2. The Brunauer, Emmett and Teller (BET) Theory

The BET!") model extends the monolayer Langmuir model to multilayer adsorption,
although derived over seventy years ago, the BET theory continues to be almost
universally used because of its simplicity, and its ability to accommodate each of the
five isotherm types. It assumes that the surface is homogeneous and that the

different layers of molecules do not interact. Each adsorbed molecule in the
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Solving the preceding equation for V,, and C gives: V,,, = VLC +/land C =S + %

m

The BET equation usually gives a good representation within the range of relative
pressures 0.05-0.3, and this range is generally used in practice for surface area
measurement. At higher relative pressures, the BET equation is usually inaccurate
because of capillary condensation effect. The total specific surface area is calculated

from the equation:

Vm NA Am
Sper = “—V
mol

In which; Vi is the volume of monolayer, N4 is Avagadro's constant and Ve is the

molar volume of the gas; Am is the cross-sectional area occupied by one molecule of

adsorbate gas.

For surface area determinations, nitrogen as being the ideal adsorbate, exhibits the
unusual property that on almost all surfaces, its C value is sufficiently small to
prevent localized adsorption and yet adequately large to prevent the adsorbed layer
from behaving as a two dimensional gas. Thus, the unique properties of nitrogen
have led to its acceptance as a universal standard adsorbate with an assigned cross

sectional area of 0.162 nm? at its boiling point of -195.6 °C.®

Since most porous materials have large enough pores to allow more than one
adsorbed layer, the BET surface area calculation is more reliable than Langmuir

surface area that often leads to overestimation."®

1.3 Microporous materials

Microporous materials are characterised by micropores with a high surface area and
a specific pore structure that defines the accessibility to the pore cavities via pore
diameters of less than 2 nm. They can be classified by the nature of their structure:

crystalline (e.g. zeolites or Metal-Organic-Frameworks) where the dimensions of the



micropores are determined by the crystal framework, therefore, there is very little or
no distribution of pore size and amorphous such as activated carbons and
hypercrosslinked polymers where the structure does not have long-range order and
they are considered amorphous or disordered and therefore can possess a broad

pore size distribution.

1.3.1 Zeolites

Zeolites comprise a large family of microporous crystalline aluminosilicates or
silicates, the structure of zeolites are usually based on tetrahedral SiO4 and AlO4
units linked together by oxygen to form an ordered crystalline framework with well-
defined surface chemistry and relatively high surface areas between 300-600 m?g™,
The general formula of zeolite is M™[Six Aly O,].mH,O where M™ are extra-

framework cations and mH,O are sorbed water molecules.''”

Also due to their ordered crystalline lattice and well-defined pore structure, the
micropores of these materials can adsorb selectively depending upon the molecular
size and shape of the potential adsorbents, which makes them highly useful in a
number of industrial applications e.g. as ion exchangers for water softening, as
drying agents or absorbents for organic vapours, as molecular sieves and separation
membranes or as catalysts for the production of petrochemicals, fluid cracking

catalysts and sorbents in volatile organic removal.['"

1.3.2 Metal-organic and covalent-organic frameworks

Metal organic frameworks (MOFs) are crystalline inorganic-organic hybrid materials
comprising metals, or metal clusters, which are interconnected by organic linkers.!'?
The organic ligands can act as nodes to direct framework topology and ligand
geometries are typically linear, trigonal, or tetrahedral rigid polydentate. Common
organic linkers to prepare porous (MOFs) are based on carboxylate or pyridyl donors
are used to coordinate metal ions or higher-nuclearity metal clusters, often referred

to as ‘secondary building units’."!

The most important property of (MOFs) is their high porosity (fraction of void volume
to total volume) and high specific surface area, which has led to many potential

8
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dehydration condensation reaction between 1,4-benzenediboronic acid and
2,3,6,7,10,11-hexahydroxytriphenylene to produce COF-5 with a BET surface area
of 1590 m? g.I"%

HQ, OH ?
Hog ~OH
— HO.
O. B/OH

O L O
? -H0 4,0 4,0
e D‘gowagn
COF-5 COF-1 z

Scheme 1.1. Synthesis of COF-1 and COF-5 by dehydration condensation.

1.3.3 Activated carbon

Activated carbon is a predominantly amorphous solid that can possess an
extraordinary large internal surface area and pore volume, which is responsible for
its adsorptive properties, which are exploited in many different liquid- and gas-phase

applications.””

Activated carbons are produced by the carbonisation of different
natural or synthetic materials followed by chemical and/or physical activation. During
carbonisation, nanoporosity is created from the random arrangement of planar
hexagonal graphene sheets that are cross-linked by non-graphitised aliphatic units to
create a polymer network that cannot fill space efficiently. The spaces between the
twisted network of defective carbon layers of activated carbon constitute the
microporous, mesoporous and macroporous structures offering a large internal

surface area up to 2500 m?/g.

10
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Example of Hypercrosslinked polymers is crosslinking polypyrroles with
diiodomethane in the presence of sodium tert-butoxide to give hypercrosslinked

materials with BET surface area of 732 m? g™.12!

CHyl,

\J

t-BuO'Na”*

Scheme 1.2. Preparation of nanoporous hypercrosslinked polypyrroles.

1.3.5 Polymers of intrinsic microporosity (PIMs)

Another class of microporous materials was first reported by McKeown et al®®® and
are of interest because of their ease of synthesis, wide potential applications and
high thermal and chemical stability. PIMs are prepared using a dioxane-forming
reaction between aromatic catechol and activated ortho-halogen containing aromatic
monomers. The resulting polymer chains consists of fused aromatic rings joined
using double strand linkage in way that prevents efficient packing of polymer chains,
thus large void space is obtained. The ‘intrinsic’ microporosity originates directly
from the polymer's highly rigid and contorted molecular structure and is not
dependent on the history or processing of the material. The stability of these
polymers originated from their double strand structure, where two covalent bonds
within the same ring would have to cleave in order to degrade the polymer and

decrease its molecular weight.

For dioxane formation, to produce a polymeric chain, each pair of adjacent hydroxyl
groups or halogens counts as a single functional group (f). PIMs with different
structures have been prepared using combinations of different monomers containing
two or more functionalities (f) or active dioxane-forming sites. For the formation of a

microporous structure, at least one of the monomers must contain a site of contortion

12
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1.4 Phthalocyanine

Phthalocyanines (Pcs) are aromatic macrocyclic compounds, which have a
conjugated system of 18 m electrons and possess very high thermal and
chemical stability. They were first encountered as byproducts of industrial
chemical reactions in the early twentieth century.®® Once their structure was
elucidated by Linstead, it was found that they are highly symmetrical macrocycles
that contain four isoindole groups, linked together by four nitrogen atoms.®"

Phthalocyanines are a member of the class of compounds known as tetrapyrrolic
macrocycles. Other members of this class (Fig. 1.8) include porphyrins and
tetraazaporphyrins. Despite their structural similarities to porphyrins, Pcs do not
occur in nature and are not involved in biochemical processes; they are completely
synthetic organic compounds.

.ﬁﬁ@r@
I B S

. Tetrabe hyri Tetraazaporphyrin Tetrabenzotetraazaporphyrin
Porphyrin elrabenzoporphyrin porphy (Phthalocyanine)

Figure 1.8. A family of four tetrapyrrolic macrocycles

The central cavity of the Pc dianion (Pc®) can accommodate a wide variety of metal
ions by coordinate-covalent bonding between the metals and the nitrogen atoms to
form a metallophthalocyanine (MPc).’# However, because the central cavity is too
small, some large metal ions such as, Ge**, Sn** and Pb®* do not perfectly fit into the

Pc cavity.

Synthesis of Pcs can be achieved using different routes that typically involve the

14



refluxing of a suitable building block (such as a phthalonitrile) in a high boiling
solvent (such as pentanol, DMAc, quinoline). A metal cation is often used as
template. The reaction is oxidative; therefore reaction intermediates are highly

unstable, and not readily isolable for the pursuit of stepwise syntheses.

N COOH
R— HN R
Z coon
1, HN
‘% MX;
%
A A

Ve FAN \N A NG
o) \ Ay
K= <X,
3 DMF A 0
A
__ NH l AN NH
R
X/ A

Scheme 1.3. Synthesis of MPcs from typical starting materials.®”

A number of polymers based on repeating units containing phthalocyanine moieties
have been synthesized. Most efforts at preparing phthalocyanine polymers have
utilized the phthalocyanine macrocyclisation reaction as the material-forming step,
with bridged or bilateral building blocks such as 1,2,4,5-tetracyanobenzene,"
tetracarboxcylic acid® or dicyanobenzenes linked by alkyl chains or other
intermediary groups.®®" This strategy often results in two-dimensional sheets of
fused or linked pigments. Generally, phthalocyanine network polymers show a strong
tendency for the aromatic components to aggregate into columnar stacks, resulting

in nonporous solids.®®
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McKeown et al. reported the synthesis of microporous phthalocyanine network
polymer constructed using a highly rigid spirocyclic linker (5,5’,6,6'-tetrahydroxy-
3,3,3,3'-tetramethyl-1,1'-spirobisindane) that would ensure a space-inefficient
packing of the macrocycles and enforce an orthogonal orientation of adjacent
phthalocyanine units to prevent cofacial intermolecular interactions (e.g. n—n

interactions) and induce porosity.!

HO'

Scheme 1.4. Synthesis of microporous MPcs.

Phthalocyanine network polymers have high surface areas (500-1000 m? g™') with

micropores of diameter in the range 0.6-0.8 nm.°!
1.5 Conjugated microporous polymers

A chemically conjugated system is a system of atoms covalently bonded with
alternating single and double or even triple bonds. This system results in a general
delocalization of the electrons across all of the adjacent parallel aligned p-orbitals of

the atoms.

The first conjugated polymer synthesis by oxidative coupling polymerization method,
which was reported first in the 1960s by Kovacic,“”! developed later by Yoshino

16



and co-workers!*"! for the large-scale synthesis of polythiophenes and polyfluorenes
using Lewis acids catalysts, such as FeCl3, MoCl3, and RuCls. In this approach, the
3-alkylthiophene monomer is dissolved in a suspension of FeCl; in CHCI3 or other
appropriate solvents. FeCl; oxidizes the 3-alkylthiophene monomer to produce
radical centers, predominantly in the 2- and 5- positions of the thiophene, which

propagates to form a black polythiophenes precipitate
R R

U FeCly 2 \

S CHCl, s

v

Scheme 1.5. Synthesis of regio-random poly(3-alkylthiophene) using oxidative coupling.

The molecular weights of polythiophenes are reasonably high, but have structural

defect due to reactions occurring at both the 2,5- and the 3,4-positions."?

The quest for well-defined, high molecular weight, defect free polymers became the
driving force for developing new techniques to synthesis high molecular weight
conjugated homo or co-polymers including Yamamoto,*®! Suzuki* and Stille!*!
coupling methods.

Microporous conjugated polymers were first reported by Cooper et al.*® with BET
surface areas up to 834 m? g using Sonogashira—Hagihara coupling®” between
1,4-diiodobenzene and 1,3,5-triethynylbenzene mediated by palladium catalyst. The
same research group also demonstrated the possibility to tune the micropore size
distribution and surface area by varying the length of the rigid organic linkers
used.*®!

17
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Scheme 1.7. Synthesis of conjugated microporous polymer using Sonogashira—Hagihara coupling.[46]

1.6 Yamamoto Coupling Polymerisation

A convenient and efficient approach to synthesize conjugated polymers was first
reported by Yamamoto in 1977.¥ Yamamoto coupling is similar to oxidative
coupling in that it produces a regio-random polymer.*® The Ni-promoted
synthetic method was developed by using the polycondensation of halo-aromatic
compounds. When the polymerization is carried out using Ni(O)Lm, the
polymerization is considered to proceed through the following fundamental reactions,

as illustrated in scheme 1.1.14%

oxidative X
Ni(0) addition L, NI/
0Ly + x(—m}—x -
" i \CAr—)jX
i

Complex |

/x X {arkx

/ . . .
Lyn—Ni + L,—Ni disproportionation L.NiX, + Lm—Ni i
Tar)-x Tar)-x 2 Tar+x
! J
Complex | Complex I' Complex Il

]

Ry
\(Arﬁj—x

Complex |1

Lm—Ni NiL, + x(»Ar -X
i

Scheme 1.8. The mechanism of Yamamoto coupling polymerization.
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The first step is oxidative addition of C-X to Ni(O)Lm. The second step is
disproportionation, thirdly, diorganonickel (Il) complexes NiR;Ln undergo reductive
coupling (or reductive elimination) reactions to give a coordination of molecules (R-
R), the last step is facilitated by the back-donation from the central metal.

Thus, the mechanism of Yamamoto coupling polymerization for organometallic
polycondensation is summarized“? as:

i) Oxidative addition
i) Back-donation

iii) Reductive elimination.

The zero valence nickel catalyst used in stoichiometric amount to the bromine factor
(number of bromines) on monomers, the acidic workup or reaction gives H-

termination for the engaged catalyst complexes as shown in scheme 1.9.

(XNiLp——(AN—X + H* — > H—(A),—X

Complex [

LmNi(X)—(Ar—(X)NiL, + H* » H—(AN—H

Complex 11

Scheme 1.9. Acidic termination of Yamamoto polymerization.

The highly efficient Yamamoto coupling polymerization has proven recently to be an
effective method to prepare microporous polymeric materials®®?, for example,
highly porous crystalline porous aromatic framework termed (PAF) with highest
surface area yet reported for purely organic material (BET 5640 m? g”', Langmuir
7000 m? g') were prepared by self-coupling tetrakis(4-bromophenyl)methane using
stoichiometric amount of bis(cyclooctadiene)Ni(0) in DMF."
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polymeric membrane research takes place when materials are found that can break
this upper limit, achieving both high selectivity and high permeability.

One of the dominant materials in the membrane separation technology is polymer
membranes; they are amorphous polymeric material, which is cost-effective with
sufficient selectivity and good processability. Gas transport through membrane
materials and the intrinsic permeation characteristic of polymers are significantly

influenced by polymeric chain structures.

Basically, the amorphous polymers exist in either glassy or rubbery state depending
on the operating temperatures of the polymer.[ss"”” In the glassy state, polymer is
hard and rigid, while it becomes soft and flexible in the rubbery state. Glass transition
temperature (Tg) denotes the boundary between these two states, where it is the
temperature at which the thermal expansion coefficient changes in going from the
rubbery to glassy state. As illustrated in figure (1.11), the material is rubbery, which
exhibits the viscoelastic behaviors above the (Tg). While a glassy polymer is an

polymeric material that is below its (Tg) under the conditions of use.®®
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Actual glassy specific
volume, V,

Unrelaxed free
volume in the

’
. .
s cpen . :
e Equilibrium volume of

densified glass, ¥,
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T

Temperature

Figur 1.11. Schematic representation of the relationship between the polymer specific
volume and temperature in an amorphous ponmer‘sa]

Rubbery membranes are able to rearrange on a meaningful time scale and are
usually in thermodynamic equilibrium. Therefore, gas solubility within the polymer
matrix follows Henry’'s Law and is linearly proportional to the partial pressure. For
most gases, rubbery membranes generally exhibit higher diffusivity and resulted in
higher permeability as compared to glassy membranes. However, lower separation
efficiency is often achieved by rubbery materials as a consequence of their small

diffusivity selectivity.®

Conversely, glassy membranes operate below the glass transition temperature and
therefore polymer rearrangement is on a long time scale meaning the membrane
never reaches thermodynamic equilibrium. Hence, the polymer chains are packed
imperfectly, leading to excess free volume in the form of microscopic voids in the
polymeric matrix. Within these voids Langmuir adsorption of gases occurs that

(60]

increases the solubility,”" glassy materials may also characterised by a low intra-

segmental mobility and long relaxation time.®”! Accordingly, glassy materials are
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between the adsorbed gases and pore surface. Thus, molecules diffuse along the
pore walls relative to the strength of this interaction, and separation is mainly
achieved by the difference in the degree of this interaction for the individual gases.

Capillary condensation is an extension of surface diffusion; when the vapour
pressure becomes low, adsorbed gas can undergo partial condensation within the
pores, this condensed component diffuses more rapidly through the pore than gases,

causing more separation of the condensable gas.®>%%

Transport of gases through a dense polymeric film or the selective layer of an
integral membrane occurs via solution-diffusion mechanism,’® this is based on the
solubility of specific gases within the membrane and their diffusion through the dense
membrane matrix. It is believed to occur in three steps: sorption of penetrant on the
upstream face of the film; diffusion of the penetrant through the polymer and finally
desorption from the downstream face of the film at the permeate side.

Separation rate is not just diffusion dependent but is also reliant on the physical-
chemical interaction between the various gas species and the polymer as well as on
the driving force and membrane thickness, which determines the amount of gas that
can accumulate in the membrane polymeric matrix. The solution-diffusion model
describes gas permeation through a dense polymer membrane with the equation:

P=DS

Where, P is the permeability coefficient routinely expressed in Barrers (107" cm®gas)
(STP) cm'z(memb,ane) s cmHg™"); D is the diffusion coefficient, often given in units of

cm?s; S is the solubility coefficient in units of cm?gas) cmM™>poiymer cMHg™.

The preferential ability of a polymer membrane to permeate one gas (A) over
another gas (B) is referred to as the ideal selectivity (aas),?® which can be obtained

by the following equation:

Py Dy S,
“4/8 = P, T DyS,
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The selectivity can also be defined as the product of the diffusivity selectivity and the
solubility selectivity of gases (A) and (B). The diffusivity selectivity (Da/Dg) is
governed by the size difference of penetrant gases and the size-sieving ability of a

polymer material.

An important factor that influences the diffusivity selectivity is the available free
volume (i.e. voids) not occupied by polymer chains at nanoscale dimensions through
which penetrant gases migrate. In a polymer possessing relatively little free volume,
as in the case of most glassy polymers, only gas molecules able to fit within existing
void regions can diffuse through the membrane. Solubility selectivity (Sa/Sg), on the
other hand, is governed by the solubility of gas (A) relative to the solubility of gas (B)
in the polymer.

Materials that perform close to the upper bound in the separation of simple gases
are generally glassy polymers, which are dominated by diffusivity selectivity and thus
are often employed to remove lighter gases such as Hp, whereas rubbery polymers
are dominated by solubility selectivity and are therefore often used to remove
heavier gases like CO,.[

1.7.2 Polymer of intrinsic microporosity (PIM) membranes

PIM membranes prepared from ladder polymers with ridged backbone incorporate
“sites of contortion” that force the backbone to twist and turn erratically, creating
polymer chains that cannot pack efficiently in the solid state. Recently, two examples
of polymers of intrinsic microporosity referred to as (PIM-1 and PIM-7) were reported
to possess good characteristics for making gas separation membranes providing a
combination of high permeability and good selectivity that places them well above
the Robeson’s upper-bound for many gas pairs.”® The backbone structure of both
PIM-1 and PIM-7 is based on the 3,3,3,3-tetramethyl-1,1’-spirobisindane unit in
which the spiro-centre (a tetrahedral carbon atom that is part of two five-membered
rings) acts as a ‘“‘site of contortion”.
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Figure 1.13. O2/N; selectivity vs. O, permeability trade-off for PIM1 and PIM-7.

a(O,™N,)

For O./N; separation study, Polymers PIM-1 and PIM-7 show substantially higher
selectivity than other polymers of similar permeability, the solubility values of these
membranes are extraordinarily high but solubility selectivity is relatively small, O2/N;
separation for the PIMs is dominated by the diffusivity selectivity (smaller gas
molecules diffuse faster) as expected for glassy polymers.

PIMs also lie above or near to the upper bound line for several other commercially
important gas combinations, including CO,/CHas, H2/N2 and H2/CH4, The improved
permeability and selectivity data of PIM membranes over Robeson’s (1991) line has
contributed to revision of the upper bound in 2008.5°

The high apparent solubility of gases in PIMs may be attributed in part to their
microporous character,'®® which provides a high capacity for gas uptake, therefore
boosting permeability. It has been noted® that polymers that lie on or close to
Robeson’s upper bound line all possess very rigid molecular structures.

This behavior indicates that these PIMs are inherently different to the many polymers
that have been investigated previously for gas permeability and the concept of PIMs
is an excellent one for designing highly rigid but solution-processible polymers, which
combine high selectivity with high permeability making them interesting candidates
for applications such as efficient gas separation membranes, selective reactant

supply and selective product removal for increased conversion.
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1.8 General characterisation of polymers

Polymer characterisation is an important step in materials engineering to evaluate
the morphology, physical and chemical structure, as well as the characteristics of
bulk membranes. The characterisation instrumentation include: Infra-red absorption,
Differential Scanning Calorimetry (DSC), X-ray Scattering/Diffraction, Scanning
Electron Microscopy (SEM), Thermogravimetric analysis (TGA) and some other
techniques to reveal the properties of materials formed. Moreover, Gel Permeation
Chromatography (GPC) and Nuclear Magnetic Resonance (NMR) are obtainable for
soluble polymers. For microporous polymers, nitrogen adsorption using a Surface

Area Analyzer is also important.

1.8.2 Gel permeation chromatography

Size exclusion chromatography is a chromatographic method in which particles are
separated based on their size or more specifically, hydrodynamic volume. The
technique is called Gel Permeation Chromatography (GPC)®"! when the column is
packed with particles that swell in the presence of solvent and form a gel in which
the space between cross-links in the gel surface generates pores of varying
diameter.’®® The principle of this method is that particle of different sizes will elute
through the column at different rates, smaller particles enter the smaller pores and
"explore" the narrow pore space in the column. However, larger particles cannot
enter the narrow pores and therefore pass through the column more quickly.
Therefore, smaller particles take a longer time to elute than larger particles. A UV-vis
or refractive index detector monitors the eluent absorption as it exits the column,
generating a plot of absorbance vs. time. The equipment is generally calibrated
using polymers of known molecular mass. Weight average (M,,) and number average

molecular weights (M,) are calculated using:
. M2 ¥in; M; )
M,, = Z G50 and M, == regpectively.
w i i M n Zin; P Y

Where n; is the number of molecules of molecular weight M;
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Where (/) is membrane thickness, the permeation coefficient (P) is calculated from
the slope of the straight steady-state part using:

b 1 VyMgasl dPy
"~ Preea PRTA dt

Where Vg is the downstream compartment volume, Mgas the molecular weight of the
penetrant gas at density p and A is the membrane area. The solubility coefficient S is
calculated from the diffusion and the permeability coefficients using: P = DS.

1.9 Aims of project

The general aim of this study is to prepare novel thermally stable polymeric materials
that possess intrinsic microporosity (PIMs). The selection of target materials was
chosen so that the resulting products must fulfill the requirements of microporosity.

The specific aims were focused on:

e Synthesis of novel non-network polymers and co-polymers derived from
specific rigid molecules such as hexaazatrinapthylene to prepare self-standing
membrane for gas separation studies.

e Prepare and characterization of microporous network polymers based on
unique molecular structural precursors such as macrocyclic and rotation-
hindered compounds.

o Prepare and characterise of novel PIMs exploring different polymerisation
route via dehalogenative Yamamoto coupling of halogenated rigid

compounds.
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Chapter 2. Synthesis and characterisation of triptycene-based polymers

This chapter reports on the synthesis of the required triptycene monomers and the
polymers derived from them. Recent work had indicated that triptycene based
polymers posses a greater degree of porosity®® compared to other PIMs. This
enhancement appears to originate from the macromolecular shape of the polymer
framework, as dictated by the triptycene units, which helps to reduce intermolecular
contact between the extended planar struts of the rigid framework and thus reduces
the efficiency of packing within the solid. The (R) groups at bridgehead positions
have a significant effect on porosity with longer alkyl chains appearing to block the
microporosity created by the rigid organic framework.

Triptycene consists of three phenyl ring “panels” joined together by a single “hinge”
running through carbons 9 and 10, known as the bridgehead carbons!”™. This unique
rigid molecular three-blade geometry hinders efficient packing and produces void

spaces in the clefts between the rings termed “Internal molecular free volume”.[’¥

Triptycene is conveniently prepared by the Diels-Alder reaction between anthracene
as diene and benzyne as dienophile. By using anthracene derivative and substituted

benzynes, a large number of substituted triptycenes have been produced.

D Oé T UO

Figure 2.1. Triptycene formation via [4+2] cycloaddition (Diels-Alder reaction).

The driving force of the cycloaddition is the electron density of reactants so that,

generally, the combination of dienes with electron-donating substitutes and
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dienophiles with electron-withdrawing substituents accelerates the reaction (normal
electron-demand Diels-Alder reaction).”® Alternatively, the combination of electron-
withdrawing groups in the diene with dienophiles having electron-donation groups

can also be successful (inverse electron-demand Diels-Alder reaction)./”®

2.1 Benzyne precursor

Since benzyne is a very reactive species, it has to be generated in-situ. One
convenient source of benzyne for use in Diels-Alder reactions is the thermal
decomposition of benzenediazonium-2-carboxylate, which is prepared as a relatively
stable salt using the procedure!”” for converting 2-aminobenzoic acid into its
corresponding diazonium salt. Hence, the required benzyne precursor 4,5-
dimethoxybenzenediazonium-2-carboxylate was prepare by the reaction of
commercially available 2-amino-4,5-dimethoxybenzoic with hydrochloric acid and
isoamyl nitrite in excellent yields (> 90 %). The air-dried product (1) is a heat-
sensitive precursor and decomposes readily forming the dimethoxybenzyne in-situ

as a very reactive intermediate (Fig 2.2).

oéN\o/\/‘\ o N,*Cr

- . N
OH OH  ————
~o ~o o COOH
o o

0]

A
= Cl-
/Ojij]l -CO, _© Cne=N )
N 2 o
0 -N2 o " H

Figure 2.2. Formation of the required benzyne precursor.
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The decomposition of diazonium salt is achieved by refluxing in relatively high boiling
solvents and the rate of decomposition can be improved by adding small amount of
propylene oxide to neutralise the generated HCI.!'"!

2.2 Preparation of substituted tetramethoxyanthracenes

As noted, substituted anthracenes serve as the diene in Diels-Alder reactions for
triptycenes. For the desired monomers 2,3,6,7-tetramethoxyanthracenes are
required with different substituents placed on the 9,10 positions. These anthracenes
can readily be prepared by the acid promoted reaction of veratrole with the
corresponding aldehyde, by the method of Ostaszewski et al.”® for which the
proposed mechanism of formation is shown in figure (2.3).

H R
+ H ‘\
Meo:© \/‘ok) Meomc”" MeOU\on,
H R
MeO U MeO + R MeO

R R
MeO OMe H.O* MeO N
SNS : o™
MeO OMe MeO O;f
Me

MeO. . - - OMe [0]
MeO

Figure 2.3. Proposed mechanism for formation of anthracene from veratrole and
aldehyde!™®.
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The temperature at which the reaction is carried out'is crucial; if the temperature of
the very exothermic reaction exceeds 10 °C, the reaction produces an oligomeric
solid by-product, which was found to be insoluble in any common organic solvent.

2.3 Dibenzyl-triptycene-based polymer

To investigate further the effect of the bridgehead groups on the porosity of the
triptycene networks, a triptycene-based polymer with benzyl groups placed at the
bridgehead positions has been prepared starting from phenyl acetaldehyde (Scheme
2.1). The required triptycene monomer was prepared using a multi-step procedure:
9,10-dibenzyl-2,3,6,7-tetramethoxyanthracene (2) was prepared in low yield by
condensation of phenyl acetaldehyde with veratrole (1,2-dimethoxybenzene)
mediated by concentrated sulphuric acid. In spite of many attempts and systematic
changes of reaction conditions (concentration of the starting materials and reaction
temperatures) the low yield could not be improved. Nevertheless, sufficient 9,10-
dibenzyl tetramethoxyanthracene (2) was obtained to progress.

By refluxing 9,10-dibenzyl tetramethoxyanthracene (2) with an excess of dimethoxy-
diazonium salt (1) in a mixture of dichloroethane and 1,2-epoxypropane, the
2,3,6,7,14,15-hexamethoxytriptycene (3) was obtained in a reasonable yield (50 %)
based on starting anthracene (Scheme 2.1). Following the very efficient procedure
for the cleavage of of aromatic ethers described by McOmie et al./® using BBr3 in
non-electron donor solvents under dry conditions, the corresponding catechol-based
triptycene (4) was obtained in high yield, which was dried and used immediately for
polymerisation as it is found to be oxidised rapidly. The structures of compounds 2-4

were confirmed by NMR and mass spectroscopy.
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Scheme 2.1. Synthesis of the dibenzyl-triptycene monomer. Reagent and
conditions: (i) H,SO,s 0-5 °C, 2 h; (ii) diazonium salt of 4,5-dimethoxy-2-
aminobenzoic acid, 1,2-epoxypropane, dichloroethane, reflux, 12 h; (iii) v.
BBr3;,CH,Cl,, RT, 3 h.

The reaction of 9,10-dibenzyl-2,3,6,7,14,15-hexahydroxytriptycene (4) with 1.5 molar
equivalents of 2,3,5,6-tetrafluoroterephthalonitrile in the presence of K.CO3 in DMF
in anhydrous conditions at 80 °C gave the di(benzyl)triptycene-based polymer (5) in
high yield (Scheme 2.2).
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CN )

Scheme 2.2. Synthesis of the dibenzyl-triptycene-based polymer. Reagent and
conditions: (i) K;,CO3;, DMF, 80 °C, 24 h.

The crude product was obtained by quenching the reaction with acidified water and
simple filtration. It was then washed with copious amounts of hot water to ensure the
removal of the residual DMF and the potassium salts. The resulting orange solid was
insoluble in all organic solvents tested consistent with the formation of a network
polymer. Due to the insolubility of the polymer in cold or boiling solvents, purification
was accomplished by refluxing in THF, acetone and finally methanol. The removal
of solvent traces was achieved by drying overnight in a vacuum oven at 120 °C.
Nitrogen sorption analysis at 77 K confirmed the microporosity of the product, which
has an apparent BET surface area of 880 m? g™

2.4 Di(sec-butyl)triptycene—based polymer

Another triptycene network polymer with sec-butyl bridgehead groups has been
prepared from a monomer obtained by following the same three-step reaction
scheme as above but starting from 2-methylbutyraldehyde (Scheme 2.3).
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Scheme 2.3. Synthesis of the di(sec-butyl)-triptycene monomer. Reagent
and conditions: (i) H;SO4, 05 °C, 2 h; (ii) 1,2-epoxypropane,
dichloroethane, reflux, 12 h; (iii) BBr3,CH,Cly, RT, 12 h.

The "H NMR spectrum for triptycene (7) shows an unexpected pattern of peaks: two
sets for CH3-CH (d, m) with exact ratio of 1:3, two broad multiple sets for CH>-CH
and CH-CH2-CHj; (Fig 2.4). This behaviour must arise due to the hindered rotation of
the bridgehead substituent and the stereochemistry of the sec-butyl group. It is
known that the architecture of triptycene imposes severe steric restrictions on the
motion of a short alkyl chain attached to the bridgehead carbon.”® The peaks
associated with the methoxy protons are composed of a doublet and triplet with an
exact ratio of 1:3, the compound also give a highly complex set of peaks for the
aromatic protons, which cannot be fully interpreted.
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CN (9)

Scheme 2.4 Synthesis of the di(sec-butyl)triptycene-based polymer. Reagent and
conditions: (i) K,CO3, DMF, 80 °C, 24 h.

2.5 Synthesis of ladder triptycene polymers

Non-network polymers, designated here as ‘ladder polymers’, were synthesised by
the reaction between triptycene monomers that contains two active functional groups
for polymerisation (f = 2) and 2,3,5,6-tetrafluoroterephthalonitrile. All triptycene
compounds used for this application were prepared using the same benzyne-—
anthracene Diels-Alder reaction. Another route of generating the reactive benzyne

species is by using an organolithium to eliminate bromines from o-dibromo aryls.!™

(Fig 2.5).
@EBF
Br RLi Br Li
- . o |
Br Li

- 2LiBr

Figure 2.5. Generating benzyne by o-dibromo aryl elimination.

41



Controlled reaction conditions are required to maximize the yield of Diels-Alder
adduct so that very dilute reaction mixtures are used with slow addition of the

base!” and by carrying out the reaction at low temperature (-78 °C).[*”
2.6 Dibromotriptycene-based polymers

By slow addition of a dilute solution of one equivalent of n-butyllithium in hexane to a
dilute mixture of 1,2,4,5-tetrabromobenzene and 2,3,6,7-tetramethoxy-9,10-diethyl
anthracene in toluene in dry conditions, 2,3,6,7-tetramethoxy-14,15-dibromo-9,10-
diethyltriptycene (10) is prepared albeit in low yield (~ 15 %). All attempts to improve
the yield by changing reaction conditions were unsuccessful. The corresponding
2,3,6,7-tetrahydroxy-14,15-dibromo-9,10-diethyltriptycene (11) was obtained in high
yield by demethylation of methoxy groups on compound (10) using BBr; in DCM
(Scheme 2.5).

S000®
\O O/
i
+ ——
L/
BTI:[BF °
Br Br

Scheme 2.5. Synthesis of 2,3,6,7-tetrahydroxy-14,15-dibromo-9,10-
diethyltriptycene monomer. Reagent and conditions: (i) Toluene, n-Buli in hexane,
RT. (ii) BBrs3, DCM, RT, 12 hours.

The dibromotriptycene-based polymer (12) was prepared by the polymerization
reaction of 2,3,6,7-tetrahydroxy-14,15-dibromo-9,10-diethyltriptycene (11) with a
molar equivalent of 2,3,5,6-tetrafluoroterephthalonitriie in anhydrous DMF and in
presence of potassium carbonate at 60 °C for 48 hours (Scheme 2.6). The
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polymerization reaction was carried out with solids content of less than 10 % and
performed under nitrogen atmosphere using dry equipment.

F F (12)
CN

Scheme 2.6. Synthesis of dibromotriptycene-based polymer. Reagent and
conditions: (i) DMF, K,COs, 60 °C, 48 hours.

Quenching the reaction with aqueous acidic solution gave the crude polymer, which
was collected by filtration, washed with copious amounts of water and methanol and
dried. The polymer shows excellent solubility at room temperature in common
organic solvents such as THF and CHCIs. It is likely the bromine presence within
polymer backbone reduces the interactions between the polymer chains making
them more accessible for organic solvents are responsible for their enhanced
solubility.

Purification of (12) was achieved using a slightly different approach than used for the
insoluble network polymers. The polymer was dissolved in a minimum amount of
chloroform, the solution filtered through glass wool then reprecipitated by drop-wise
addition of the solution into stirred methanol. This procedure ensured the removal of
low molecular weight oligomers.

Although the polymerization reaction was performed under mild conditions (i.e. low
temperature and low concentration of the monomers) some insoluble products were
separated from the crude polymers. This may be due to some cross-linking. The
polymerization reaction was sensitive to both reaction temperature and the reactant
concentration, when the polymerization was performed at a higher temperature or

concentration, a larger amount of insoluble polymer was obtained.
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The GPC analysis for (12) showed that the soluble polymer has a weight average
molecular weight (M,,) of 35800 g mol” and expected polydispersity for a step-
growth polymer (M\/M, = 2.48). Due to its excellent solubility, attempts were made to
cast the polymer into film from CHCI; solution using slows evaporation; however, the
resulting film was inflexible, brittle and unsuitable for further study as a gas
separation membrane, this is possibly due to the relatively low molecular weight of
this polymer.

To obtain a more robust and flexible membrane, the monomer (11) was incorporated
into copolymers prepared with 5,5',6,6'-tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-
spirobisindane and 2,3,5,6-tetrafluoroterephthalonitrile, the monomers used for the
preparation of the well-studied film-forming ladder polymer PIM-1 using a molar ratio
of 1:1:2 (Scheme 2.7).

CN

CN

P ETYTUTYS

(13)

Scheme 2.7 Synthesis of dibromotriptycene-based co-polymer (13). Reagent and
conditions: (i) DMF, K,CO3, 60 °C, 48 h.
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equivalent of n-BuLi in THF to a mixture of (10) and an excess of anthracene in dry
THF at -78 °C under nitrogen atmosphere to give (14) with an average yield of 40%.
The demethylation of compound (14) using BBr3 in dry DCM gave the corresponding
catechol monomer (15) in high yield (95 %), (Scheme 2.8).

i I

B b

o /]
Wy Vgy

Ny L
L

OH
OH

(14) (15)

Scheme 2.8. Preparation of tetrahydroxy-iptycene monomer (15). Reagents and
conditions: (i), n-Buli, dry THF, -78 °C, nitrogen atmosphere (ii), boron tribromide,
DCM, 24 hours, room temperature.

'H NMR spectroscopy showed surprisingly broad peaks for all protons on both
compounds (14) and (15) (Fig 2.7), this phenomenon probably occurs because the
rotational motion of large rigid molecules is slow and less able to completely average
the range of energies a given nucleus experiences as the molecules rotate by
diffusion through different orientations with respect to the applied magnetic field®'!.
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(16)

CN

Scheme 2.9 Synthesis of iptycene-based polymer (16). Reagent and
conditions: (i) DMF, K,CO;3, 60 °C, 48 hours.

The resulting product was found to be insoluble in all common organic solvents
tested. Due to its insolubility, characterisation by solution NMR and GPC trace were
not possible. The product was purified by refluxing in various organic solvents and
was found to have an apparent BET surface area of 726 m* g ™.

2.8 Characterisation of the triptycene-based polymers

The chemical structures of the polymers were evaluated by their elemental analysis.
In general, the H, and N elemental analysis values agreed in a certain degree with
the expected values for the proposed repeat units of the network polymers (Table
2.1).
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Yield

Pol % C % (Calc.) | H% (Calc.) | N% (Calc.) | Br % (Calic.)
olymer

Found Found Found Found

(5) 03 | (76.34)68.85 | (2.71)2.60 | (5.69) 5.42 .

(9) 97 | (73.35)63.68 | (3.58)3.51 | (6.26)5.94 -

(12) | 88 |(58.92)55.22 | (2.45)2.64 | (4.29)4.23 | (24.98) 24.84

(13) | 94 |(65.78)62.45 | (3.26)3.10 | (5.03)4.91 | (14.37)17.35

(16) | 91 | (82.29)72.63 | (3.87)3.47 | (4.18)3.97 -

Table 2.1. The elemental analyses for the triptycene network polymers

From the elemental analysis data, the percentage of carbon within the polymers is
significantly lower than the expected values based on the idealised structures. This
appears to be a general feature of PIMs and can be attributed both to the presence
of unreacted hydroxyl and fluorine end-groups and to incomplete combustion during
analysis (i.e. carbon formation). The microporosity may also play a role as water or
solvent molecules (guests) may be trapped within inaccessible cavities or adsorbed

prior to analysis.

2.81 Nitrogen adsorption analysis

The porosity of these polymers was assessed from their nitrogen sorption isotherm
obtained at 77 K. All the isotherms show significant adsorption at low relative
pressure (p/p°® < 0.1) characteristic of a microporous material. The apparent BET
surface areas were determined to be in the range 500- 940 m? g'1 using a multi point
BET calculation, which shows that these polymers have a significant amount of
microporosity. The total pore volume was also determined and calculated from the
amount of nitrogen adsorbed at a relative pressure p/p°= 0.98 and was found to be in
the range of 0.42-0.58 cm®g™ (Table 2.2).
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Polymer BET surface area (m?g™") | Pore volume (cm®g™)
(5) 899 0.57
(9) 945 0.58
(12) 511 0.48
(13) 536 0.42
(16) 726 0.45

Table 2.2. BET surface area and pore volume values for triptycene polymers.

The desorption curve lies well above the adsorption curve for all samples leading to
significant hysteresis extended to low relative pressure (p/p°® > 0.4) and is distinct
from that associated with mesoporosity, which closes at a high relative pressure
(p/p° > 0.4)®3 and may be attributed either to a complex micropore structure
incorporating throats and cavities, or to sorbate-induced swelling of a microporous

materials®®.

Figure (2.8) represents the adsorption/desorption isotherm of prepared triptycene
polymers as a powder sample, the volume of nitrogen adsorbed (Vags) in cm® per
gram of the adsorbent is plotted versus relative pressure (p/p°).
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In both ladder and network triptycene polymers, the microporosity arises from a
complex distribution of interconnected free volume, and the presence of constrictions
is likely to be responsible for the low pressure hysteresis. However, it is conceivable
that swelling effects also play a role in some cases, more noticeably for the insoluble
triptycene polymers, which shows an extraordinarily large hysteresis at (p/p° >
0.4).1%8

2.8.2 Thermal stability

Thermogravimetric Analysis (TGA) was performed in order to study the degradation
properties of the triptycene polymers. The weight loss due to thermal degradation for
these polymers commences at 400-450 °C; the close thermal degradation
temperature range for these polymers is probably attributable to the similar initial
mechanism involving the retro Diels-Alder of triptycene that occurs at relatively high

temperature.

(TGA) profile showed a small mass loss between (2-5 %) for each polymer at lower
temperature up to 250 °C which may be due to entrapped solvent or water. In all
cases, thermal degradation in nitrogen results in a loss of mass of only 40-50 % of
original weight up to 1000 °C, indicating that carbonization is occurring, which is
consistent with the low values for carbon obtained during elemental analysis (Fig.
2.9).
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Thick- P (Barrer) selectivity
Polymer | ness
(p,m) 02 Nz He Hz COz CHg, (102/N2 ().He/Nz O.Hz/Nz GCOz/Nz GCH4/N2
(13) 61 | 197 [ 68.6 | 251 | 507 | 1597 | 126 | 2.78 | 3.66 | 6.49 233 1.84
PIM-1 46 | 370 | 92 {660 | 1300 { 2300 | 125 ( 4.0 7.2 14 25 1.4

Table 2.3. Permeability and selectivity data for polymer (13) compared to PIM-1

It is clear from the permeation data (Table 2.3) that the presence of the dibromo-
triptycene unit within the copolymer backbone decreases both permeability and
selectivity factors compared to PIM-1 for all gases tested, presumably because of
the bromine’s pore blocking effect, which reduces the available free volume within

the structure.
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Chapter 3. Synthesis and characterisation of biphenyl-based network

polymers

The work described in this chapter is concemed with the synthesis and
characterisation of substituted biphenyl-based network polymers using dioxane-

forming polymerisation reaction.

The presence of substituents or a linkage on 2,2’ positions restricts the free rotation
between the phenyl rings and creates a site of contortion (Fig. 3.1), consequently
reducing the ability of the materials from which they are composed to pack space

efficiently, as will be demonstrated in this chapter.

Free rotation Partially free Restricted rotation
rotation

Figure 3.1. Substituent-rotation relationship of biphenyl unit.

The fused ring linking group is formed using an efficient double aromatic nucleophilic
substitution reaction between linking monomer containing more than one catechol
(1,2-dihydroxyaryl) and commercially available 2,2'.3,3',5,5',6,6'-octafluoro-4,4'-
dinitrilebiphenyl, in which, all fluorines are activated for nucleophilic aromatic

substitution due to the presence of electron withdrawing groups on both phenyl rings.

A typical polymerisation procedure for the benzodioxane-forming reaction involves
heating the reactants in DMF in the presence of K;CO3; at 70 °C for 48 hours. The
crude product is isolated by addition of acidified water and simple filtration then

washed with hot water then hot methanol, purification was accomplished by refluxing

55



in DMAc to remove unreacted starting materials and low molecular weight products
then refluxing in THF then methanol to remove DMACc traces, drying in vacuum oven

at 120 °C ensures the removal of most solvents traces.

3.1 Synthesis of biphenyl-based polymer (19)

The biphenyl-based polymer (19) was prepared using 3,3',4,4'-tetrahydroxy-biphenyl
(17) as monomer, which could be readily synthesized as shown in Scheme (3.1).
The coupling of 4-bromoveratrole (4-bromo-1,2-dimethoxybenzene) using n-bulLi in
THF at -78 °C gave 3,3',4,4'-tetramethoxy-biphenyl in 60 % yield following a
literature procedure.®! The corresponding 3,3',4,4'-tetrahydroxy-biphenyl (17) was
obtained in high yield by demethylation using BBr3; in DCM.

o— OH
B o) . . —
‘ ™~ i / ii
. HO OH
- / O © \
O
—0 HO

(17)

Scheme 3.1. Synthesis of 3,3',4,4'-tetrahydroxy-biphenyl. Reagents and conditions:
(i) n-Buli, THF, -78 °C. 12 hours (ii) BBrs, DCM, RT, 2h.

The reaction between 2,2',3,3',5,5',6,6'-octafluoro-4,4'-dinitrilebiphenyl (18) and two
equivalents of 3,3'4,4'-tetrahydroxy-biphenyl (17) in DMF at 70 °C for 48 hours
under anhydrous conditions afforded a network polymer in form of insoluble yellow

powder (Scheme 3.2).
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Scheme 3.2. Synthesis of polymer (19). Reagent and conditions: (i) DMF,
K.CO;3, 70 °C, 48 hours.

Nitrogen sorption analysis at 77 K showed that the product has an apparent BET

surface area of 920 m? g™

3.2 Synthesis of biphenyl polymer (21) using anthracene monomer (20)

A substituted anthracene was used as the rigid linking group to prepare polymer
(21), the extended aromatic structure of anthracene was expected to provide

additional free space within the polymer structure.

2,3,6,7-Tetramethoxy-9,10-dimethylanthracene was prepared by acid-catalysed
condensation between acetaldehyde and veratrole at 0-5 °C in an average yield of
12%, demethylation of the methoxy groups using BBr; gave the corresponding
2,3,6,7-tetrahydroxy-9,10-dimethylanthracene (20) in 67 % vyield (Scheme 3.3).
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Scheme 3.3. Synthesis of 2,3,6,7-tetrahydroxy-9,10-dimethylanthracene.
Reagent and conditions: (i) H,SO4, 0.5 hour. (ii) BBr3, DCM, RT, 16h.

The reaction between 2,2',3,3'5,5',6,6"-octafluoro-4,4'-dinitrilebiphenyl and two
equivalents of 9,10-dimethyl-2,3,6,7-tetrahydroxyanthracene (20) in DMF with an
excess of K;CO3 under nitrogen at 70 °C for 48 hours afforded a network polymer
(21) in the form of an insoluble yellow powder, which has an apparent BET surface
area of 960 m?g™, (Scheme 3.4).

HO. l l l OH
HO OH CN

[®]

+
CN
Y - COO 'O (I
O - ~p o o~
F F
. O . 1) n

CN

Scheme 3.4. Synthesis of polymer (21). Reagent and conditions: (i) DMF, K,CO3,
70 °C, 48 hours.
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3.3 Synthesis of biphenyl polymer (23) using 1,2,4,5-tetrahydroxy benzene (22)

Using a relatively small monomer with catechol end-groups such as 1,2,4,5-
tetrahydroxybenzene as a bridging monomer to synthesis biphenyl-based polymer

could lead to more defined structures with very small open cavities.

The monomer 1,2,4,5-tetrahydroxybenzene (22) was prepared by reduction of the
commercially available 2,5-dihydroxy-1,4-benzoquinone using tin powder in
concentrated HCl according to the literature®®, which was polymerised with
2,2'3,3',5,5',6,6-octafluoro-4,4'-dinitrile-biphenyl in ratio of (2:1) in DMF and in
excess of K,CO; under nitrogen atmosphere at 70 °C to yield insoluble product
consistent with the formation of a network polymer (Scheme 3.5).

CN
o o) o} o)

| 4 ~N

m o -'———_‘». "D H i ﬁ O ﬁ
i n
CN
o] OH HO OH o o B
CN

o
o oo

22 F F
(22) ~o o o o

CN n

(23)

Scheme 3.5. Synthesis of polymer (23). Reagent and conditions: (i) Tin, HCI, reflux,
1 hour (ii) DMF, K,CO3, 70 °C, 48 hours.

Standard work-up and purification procedures has afforded (23) as insoluble brown
powder, which found to has an apparent BET surface area of 887 m?g™".

3.4 Synthesis of polymer (25) using hexahydroxytriphenylene (24)

By incorporating the large flat triphenylene structure as the bridging monomer
between the hindered rotation biphenyl unit, polymer (25) was synthesised by

thermal polymerisation condensation between 2,2'.3,3',5,5',6,6'-octafluoro-4,4'-
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dinitrilebiphenyl  2,3,6,7,10,11-hexahydroxytriphenylene (24) in the ratio of 3:4
respectively in DMF and in excess of K;CO3; under nitrogen atmosphere at 70 °C for
48 hours (Scheme 3.6).

| 9 o7
o o
() T
o
T 7 4980080 H
HO. N F F o) o
‘ OH O i <|3 (lj
F F
OH F F | o o~ |
o o
Ho F F o o
OH CN i jij: ~ :C[ A
o o 7
CN
(24) ? cl)
O n °~

(25)

Scheme 3.6. Synthesis of polymer (25). Reagent and conditions: (i) DMF, K,COs,
70 °C, 48 hours.

Standard work-up and purification procedures gave (25) as insoluble dark brown

powder, which was found to have an apparent BET surface area of 860 m?g™.

3.5 Synthesis of polymer (27)

The approach of synthesizing biphenyl-based polymers was extended by using a
highly rigid and non-planar linking tetrol monomer, the presence of the ethylene
bridge on 2,3,6,7-tetrahydroxy-9,10-dimethyl-9,10-ethanoanthracene forces the
molecule to adapt a non-planar geometry. The required monomer was prepared in
good vyield by the acid-catalyzed condensation between 2,5-hexanedione and

catechol according to a published procedure.®®
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(26)

Scheme 3.10. Synthesis of 2,3,6,7-tetrahydroxy-9,10-dimethyl-9,10-ethano-
anthracene (26). Reagent and conditions: (i) H;SO4 (70 %), RT, 7 days.

The polymerisation reaction between 2,3,6,7-tetrahydroxy-9,10-dimethyl-9,10-
ethanoanthracene (26) and 2,2',3,3',5,5',6,6"-octafluoro-4,4'-dinitrilebipheny! in (2:1)

molar ratio was achieved using the standard conditions (Scheme 3.11).

HO OH
HO ‘ i’ ‘ OH N
P o o o
. _ ‘
! ™o o 0 o~
N O o o o
O o ! 0 Mo ! o~
F E
CN
F F
O n
27
F F (27

CN

Scheme 3.11. Synthesis of polymer (27). Reagent and conditions: (i) DMF,
K,COs, 70 °C, 48 hours.

Typical work up and purification procedure afforded polymer (27) as a yellow
powder, it appears that the bridged anthracene moiety within polymer structure has
improved the overall porosity of (27) giving a BET surface area of 1309 m* g™".
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3.6 Characterisation of biphenyl-based polymers

The chemical structures of the biphenyl-based network polymers were evaluated by
their elemental analysis, which indicates the carbon percentage is significantly lower
than the expected value based on the idealized polymer structures, H, and N
elemental analysis values agreed to some extent with the expected values for the
proposed repeat units of the network polymers (Table 2.4).

Yield | % C(Calc.) % H (Calc.) % N (Calc.)
Polymer | % Found Found Found

(19) 94 (73.08) 66.18 (1.94) 2.21 (4.48) 4.55

(21) 88 | (75.83)70.94 | (2.77)2.77 (3.84) 3.98

(23) 90 (66.12) 63.34 (0.85) 1.09 (5.93) 6.22

(25) 78 | (73.56)69.64 | (1.30)2.85 (4.51) 3.45

(27) | 795 | (76.45) 70.61 (3.57) 3.41 (3.57) 4.14

Table 2.4. The elemental analyses results of biphenyl-based polymers.

The fluctuation of measured hydrogen and nitrogen percentage may be due to the
tendency of the network polymers to hold water or solvent via intermolecular
hydrogen bonding interactions as will be demonstrated in TGA profiling. Carbon
analysis variations for all polymer adds to a growing body of evidence to suggest the
microporous materials do not completely combust during analysis probably due to

forming thermally stable carbides with foreign molecules trapped within deep
cavities.
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Polymer BET surface area (m?g™) | Pore volume (cm®*g™)
(19) 929 0.53
(21) 912 0.51
(23) 887 0.48
(25) 877 0.46
27) 1309 0.95

Table 2.5. BET surface area and total pore volume values for biphenyl-based polymers.

All of the biphenyl-based polymers possess a significant degree of microporosity due
to the presence of restricted rotation site of biphenyl that constrains the growth of the
polymer within the same plane with “zig-zag’-like chains.  This structural
arrangement clearly prevents space-efficient packing of the network leading to
substantial microporosity. Network polymers 19-25 demonstrate very similar nitrogen
isotherms. Even using a monomer within which was an aryl-aryl bond with free
rotation (17) to prepare a network (19) did not appear to compromise its
microporosity. Polymer (27) clearly shows the highest surface area and pore volume
among the series with the etheno-bridged anthracene unit providing additional
intrinsic microporosity. This unit has structural features related to the triptycene unit
for which polymers of even high microporosity were obtained previously (e.g.
apparent BET surface area up to 1600 m? g™).

To prove that the porosity of these biphenyl-based polymers is mainly generated
from hindered rotation on 2,2’ position of biphenyl unit, 3,3',4,4'-tetrahydroxy-
biphenyl (17) was polymerised with 2,3,5,6-tetrafluoroterephthalonitrile using the
standard procedure to give a product with minimal surface area (Fig. 3.3)
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Figure 3.3. Non-porous biphenyl-based polymer

This result demonstrates the role of 2,2-substituted biphenyl units to provide

“awkward” and rigid macromolecular shapes that cannot pack space efficiently in
which rotation is severely hindered creating highly rigid and contorted molecular

structures.

3.6.2 Thermal stability

The thermal stability of the biphenyl-based polymers was evaluated by
thermogravimetric analysis (TGA) under a nitrogen atmosphere at a heating rate of
10 °C per minute and up to 1000 °C. Generally, the weight loss due to thermal
degradation for these polymers begins between 450-510 °C, the total weight loss

before carbonisation was between 36-46 % of the stating weight.

All the polymers show a weight loss of between 1-4 % at low temperature up to 250
°C. This is probably due to loss of moisture and/or entrapped solvent, the TGA curve
of prepared biphenyl polymers is shown in figure (3.4).
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Chapter 4. Synthesis and characterisation of hexaazatrinapthylene-

based polymers

This chapter reports on synthesis of microporous polymeric materials incorporating
5,6,11,12,17,18-hexaazatrinapthylene (HATN) as the rigid functional unit.

4.1 Synthesis of 2,3,8,9,14,15-hexafluoro-5,6,11,12,17,18-hexaazatrinapthylene

The condensation reaction between hexaketocyclohexane octahydrate and an
excess of 4,5-difluoro-1,2-benzenediamine in refluxing glacial acetic acid afforded
2,3,8,9,14,15-hexafluoro-5,6,11,12,17,18- hexaazatrinapthylene (HATN(F)s) (28) in
high yield (78 %).

o] N N
O 0 F NH, i N\ 7
N & QG o O
o) o) F NH,
(0] N
(28)
Scheme 4.1. Synthesis of HATN(F)s. Reagents and conditions: (i) Acetic acid, reflux, 16 h.
The product (28) showed a little solubility in common organic solvents at room
temperature, nevertheless, it was sufficiently soluble in chloroform to allow

confirmation of the structure of (28) by 'H NMR and *C NMR spectroscopy. High-

Resolution Mass Spectrometry (HRMS) also confirmed the expected structure of
(28).
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4.2 Synthesis of substituted tetrafluoro-HATN monomer

By blocking one active polymerisation site of HATN(F)s (28), a suitable monomer
(29) for forming ladder polymers (i.e. non-network polymers) and co-polymers is
obtained. This was achieved by reacting 2,3,8,9,14,15-hexafluoro-5,6,11,12,17,18-
hexaazatrinapthylene (28) with a molar equivalent of 3,5-di-tert-butylcatechol in DMF
in presence of excess of K,CO; (Scheme 4.2).

N N
7\
F N N F
OH
F

OH

Scheme.4.2. Synthesis of tetrafluoro substituted HATN (29). Reagents and conditions:
(7) DMF, K,CO3, 130 °C, 2 hours.

This reaction was performed at different temperatures starting with slow addition of
the catechol, but side products (di and tri-substituted HATN) always resulted in
considerable yield. In order to optimize the yield of (29), it was found that mixing the
reactants at high temperature (130 °C) prior to the addition of base was required to
achieve a controlled reaction with a reasonable 42 % yield. In contrast to HATN(Fe),
compound (29) shows excellent solubility in various organic solvents at room

temperature.
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4.3 Model HATN reaction

In order to determine the feasibility of using monomers (28) and (29) in the aromatic
nucleophilic reaction with catechol anions to form the dibenzo[1,4]dioxane linkages
and to optimise the reaction conditions for polymerization, a model compound was
prepared by reacting the monomers (28, 29) with excess of 3,5-di-tert-butylcatechol
in anhydrous DMF and monitoring the reaction progress by TLC. It was found that
any temperature above 70 °C was sufficient to convert (28 or 29) to fully substituted
HATN compound (30), (Scheme 4.3). This compares favourably to the equivalent
with chlorine-containing monomer HATN(Clg) for which the model reaction was
preformed at 120 °C.1?"!

gos2ees @@{j{%

Scheme 4.3. Synthesis of HATN model compound. Reagents and conditions: (i) 3,5-di-
tert-butylcatechol (excess), K2CO3, DMF, 70 °C.

4.4 Polymerisation of prepared fluorinated HATN monomers

The rigid, flat monomers (28, 29) were used to prepare microporous polymeric
materials by employing benzo[1,4]dioxane formation reactions with different catechol
monomers based on a double nucleophilic aromatic substitution (SyAr) reaction of
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the aryl fluorides with catecholate anions. As for the model compound described
above, the general procedure involved heating molar equivalents of reactants in
DMF in the presence of K,COj3 at 70 °C for 24 hours. Dry conditions were essential
to avoid side reactions and all reactions were carried out under inert dry atmosphere
using excess anhydrous potassium carbonate to ensure full catechol conversion into
the more reactive catechol dianion. In each case, the crude product was isolated by
the addition of acidified water and simple filtration. Purification was achieved by
washing with hot water to remove any salts, followed by refluxing in different organic

solvents to remove unreacted starting materials and low molecular weight products.

4.4.1 Synthesis of HATN-based network polymers

The hexaazatrinapthylene-based polymer (31) was prepared by thermal poly-
condensation between equimolar amounts of 2,3,8,9,14,15-hexafluoro-
5,6,11,12,17,18-hexaazatrinapthylene (28) and commercially available 2,3,6,7,10,11-
hexahydroxy-triphenylene in DMF and in presence of K.COj3 at 70 °C (Scheme 4.4).

Scheme 4.4. Synthesis of polymer (31). Reagents and conditions: (i) K,CO3, DMF, 70 °C.
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The resulting polymer was found to be insoluble in any organic solvent tested.
Nitrogen sorption isotherms confirmed the presence of significant microporosity
within the structure with an apparent BET surface area of 1180 m? g and a very

large total pore volume (1.74 mL g™").

To explore further the effect of the molecular structure of the bridging monomer on
the microporosity of the HATN monomer, an anthracene unit was introduced.
Polymer (32) was prepared high yield by the reaction between (28) with 2,3,6,7-
tetrahydroxy-9-10-dimethylanthrace (20) in a molar ratio of (2:3), respectively
(Scheme 4.5).

FRF

N
\ /N
N:Q\_N
4
0
_—
F F
+

U

N\ IN
N=Q:N
OQN' ‘NQ
153 q
HO OH /O- o}
HO QOO OH -0 (32)

Scheme 4.5. Synthesis of polymer (32). Reagents and conditions: (i) K;COs, DMF, 70 °C

pset

Using the same synthetic procedure, the smaller tetrol, 1,2,4,5-tetrahydroxybenzene
(22) was used to prepare the network polymer (33) by its reaction with 2,3,8,9,14,15-
hexafluoro-5,6,11,12,17,18-hexaazatrinapthylene (28) (Scheme 4.6).
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Scheme 4.6. Synthesis of polymer (33). Reagents and conditions: (i) K2CO3, DMF, 70 °C.

Another HATN-based network was prepared using a monomer containing a spiro
centre that would prevent the flat alignment of polymer chains. Thus, polymer (34)
was prepared by the reaction between 2,3,6,7-tetrahydroxy-9,10-dimetnyl-9,10-
ethanoanthracene (26) and 2,3,8,9,14,15-hexafluoro-5,6,11,12,17,18-hexaazatri-
phenylene (28) in DMF in presence of K,COj3 under nitrogen (Scheme 4.7).

ey
e N

(34)

Scheme 4.7. Synthesis of polymer (34). Reagents and conditions: (i) K;,CO3;, DMF, 70 °C.

72



4.4.2 Synthesis of HATN ladder polymer

By reacting the difunctional HATN monomer (29) with an aromatic tetrol containing a
site of contortion, it was hoped to obtain a soluble microporous HATN-based ladder
polymer. Hence, commercially available 5,5',6,6'-tetrahydroxy-3,3,3’,3'-tetramethyl-
1,1’-spirobisindane was used to prepare the HATn-based ladder polymer (35) in over
90 % yield (Scheme 4.7).

bt

Jd b
HO
+ N= H=N
OH \
N=§:§=N O N N o)
d o—d

(35)

Scheme 4.7. Synthesis of polymer (35). Reagents and conditions: (i) K,COs;, DMF, 70 °C.

The resulting orange product was found to be insoluble in any organic solvent but
has an apparent BET surface area of 756 m?g™ at 77 K.

Same procedure was employed for monomer (29) by reacting it with previous
catechol compounds (2,3,6,7,10,11-hexahydroxytriphenylene, 2,3,6,7-tetrahydroxy-
9-10-dimethylanthracene and 1,2,4,5-tetrahydroxbenzene) to give insoluble products
with minimal apparent BET surface areas, which were not characterized further.
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4.5 Characterisation of HATN-based polymers

As for previously described materials, the HATN-based polymers were evaluated by
elemental analysis. In general, the percentage of carbon within the polymers is
significantly lower than the expected values based on the idealized structures (Table
4.1).

% C (Calc.) % H (Calc.) % N (Calc.)
Polymer | Yield %
Found Found Found

(31) 96 (72.41) 63.63 (1.72) 3.67 (12.07) 9.96
(32) 97 (74.06) 66.13 (3.70) 3.45 (10.80) 11.30
(33) 93 (67.63) 60.13 (1.54) 2.20 (14.34) 15.03
(34) 90 (74.72) 66.78 (3.30) 3.66 (10.26) 9.29
(35) 93 (75.72) 64.14 (4.91) 5.37 (8.98) 7.10

Table 4.1. The elemental analyses results of HATN-based polymers.

In contrast, the elemental analysis data for hydrogen shows a greater amount than
expected. This may be due to the tendency of the HATN unit to form hydrates via
intermolecular hydrogen bonding interactions involving the aza-nitrogens, allowing
for a water molecule to be associated with each of the three binding sites of the each
HATN unit.?
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4.5.1 Nitrogen adsorption analysis

The porosity of HATN-based polymers was assessed from their nitrogen sorption
isotherms. The BET surface areas were found to be within the range 550-1180 m? g’
'. The total pore volume was also determined from the amount of nitrogen adsorbed
at a relative pressure p/p°= 0.98 and was found to be in the range of 0.4-1.74 cm®g™
(Table 4.2).

Polymer BET surface area (m?g™) | Pore volume (cm®g™)
(31) 1186 1.74
(32) 746 0.69
(33) 577 0.40
(34) 969 0.64
(35) 756 0.86

Table 4.2. BET surface area and pore volume values for HATN-based polymers.

Figure (4.1) represents the adsorption/desorption isotherms of prepared HATN-
based polymers as a powder sample, the volume of nitrogen adsorbed (Vags) in cm?®
per gram of the adsorbent is plotted versus relative pressure (p/p°).
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