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Abstract

The first part of the work, described in Chapter One, concentrates on the attempted synthesis
of discrete, water-soluble phthalocyanine dimers, which were of interest as model compounds
for studies into the photochemical stability of phthalocyanine dyes. The phthalocyanines were
linked together by two different bridges derived from diethyl 3,3-bis(4-(3.4-
dicyanophenoxy)phenyl)pentanedioate ~ and  1,2-di(4’-(3"’,4”’-dicyano)phenoxy)-3,4,5,6-
tetraphehyl-benzene. The  formation of the dimers using  4-(2,6-di-iso-
propylphenoxy)phthalonitrile was possible, as determined by mass spectrometry and visible
absorption spectroscopy of the crude product mixture, but their isolation proved extremely

difficult and so this work was abandoned to concentrate on the work described in chapters 3-4.

After an introduction to the research area of organic microporous materials (Chapter 2) and a
statement of the new aims and objectives, the second part of the work, described in Chapter 3,
concerns the use of hexaphenylbenzene as a structural unit for the synthesis of polymers of
intrinsic microporosity, PIMs. Even though hexaphenylbenzene does not have a site of
contortion, typical of PIMs, it was thought that the rigidity and non-planarity of this unit due
to the lack of rotational freedom of the benzene rings would hinder efficient packing of the
polymer in the solid state and induce intrinsic microporosity. A number of different
hexaphenylbenzene-based monomers suitable for use in the type of polymerisation reactions
used to make PIMs due to their catechol units were synthesised. It was discovered that the
position of the catechol substituents in relation to one another had a significant effect on the
molecular mass and hence physical properties of the polymer, in particular its ability to form
self-standing films. It can be concluded that placing the catechol units on opposite sides of the
hexaphenylbenzene unit (para-substitution) suppressed cyclic oligomer formation and allowed
the preparation of polymers of high molecular mass with good film-forming properties. In
addition, the microporosity of this polymer was greater than that obtained from the monomer

in which the catechol units were placed adjacent to one another (ortho-substitution). The
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resulting self-standing films allowed the measurement of gas permeation through this polymer,

which showed encouraging performance.

The crystal packing properties of the monomers and a [2+2] cyclic oligomer isolated from the
polymerisation reaction using the monomer with adjacent catechol units on the
hexaphenylbenzene core are described in Chapter 4. The macrocyclic [2+2] cyclic oligomer is
highly fluorescent and its binding with nitrobenzene, as a model for small nitrated aromatic
compounds, was investigated in the context of its possible use as a sensor. However, studies

offered no evidence of selective binding.

Finally, Chapter 5 offers suggestions on the concept of using hexaphenylbenzene units in flow

chemistry.

VI
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1.1 Phthalocyanines

Phthalocyanines are 18-m electron aromatic macrocycles, consisting of four isoindole units
connected by nitrogen atoms. Their structure is closely related to the naturally occurring
porphyrin ring system, the differences being the four benzo-subunits and the nitrogen atoms at

each of the meso positions.' (Figure 1.1.1).

/ \
N N
/ H \
/N N\
H
N~ N =N

a) b)

Figure 1.1.1 The structure of a simple porphyrin, porphine (a). The structure of a phthalocyanine (b).

The name phthalocyanine, was given to this class of compound by Reginald P. Linstead. It
comes from a combination of the prefix phthal, from the Greek for naphtha (rock oil), and the
Greek for cyanine (blue). He was the first academic to investigate the structure of
phthalocyanines after their accidental discovery in 1928 at the Grangemouth plant of Scottish
Dyes Ltd, during the industrial preparation of phthalimide from phthalic anhydride and
ammonia. The glass-lined reaction vessel had cracked exposing the outer steel vessel to the
reaction, resulting in the formation of an iron containing blue impurity.>* Imperial Chemical
Industries (ICI), which had purchased Scottish Dyes in 1928 were interested in the structure of
this substance which showed high stability as an insoluble pigment, and could therefore be
sold. The preparation and the properties of the substance were investigated by Linstead and a
patent was submitted in 1928.* Previously, what appears to be metal free’ and copper
phthalocyanines® had been reported in 1907 and 1927, respectively, but it was only after the
third accidental discovery that there was sufficient interest to elucidate the structure of these

highly coloured by-products. After a series of investigations, in 1934 Linstead published six
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papers where the structure of Pc and the synthesis of some of its metal derivatives were
described.” %0112 The proposed structure was confirmed by means of X-ray diffraction
techniques by Robertson in 1936."° Pcs, especially the copper derivative, were soon exploited
as pigments and dyes,' but more recently they have been investigated as molecular materials

and their synthesis and study have developed into a fascinating area of research.'*

1.2 Phthalocyanine synthesis

1.2.1 Metal free phthalocyanines

Metal free Pc can be synthesised starting from different 1,2-disubstituted benzene precursors

but are most commonly synthesised from phthalonitrile’'> (Scheme 1.2.1.1).

o2 e o e
N o 2:;

NH

Scheme 1.2.1.1. Synthetic routes to metal free Pe. Reagents and conditions: 1) lithium. refluxing pentanol.
aqueous hydrolysis. ii} Heat with DBU or DBN or NH; in refluxing pentanol or heat in DMAE. iii) Fuse with
hydroquinone. iv) NH;, refluxing MeOH. NaOMe. v) Reflux in a high boiling point alcohol.
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Phthalonitrile cyclotetramerisation to form Pc can be performed by heating the phthalonitrile
in a solvent such as n-pentan-1-ol in the presence of a base,'® or in a basic solvent such as
N,N-dimethylaminoethanol (DMAE).'” Lithium, sodium, or magnesium alkoxides, generally
formed in situ by the addition of the metal to a primary alcohol (e.g. n-pentan-1-ol) can be
used as a base to form the respective alkali metal Pcs, which can be easily converted into the
metal free phthalocyanine by acid work-up.'®  Phthalonitrile cyclotetramerisation can be
achieved without solvent at high temperatures (> 180 °C) above which the phthalonitrile melts
and in the presence of a reducing agent. Finally, phthalonitrile can be converted by NH3 in

diiminoisoindoline which under relatively mild conditions condenses to form Pc.'

1.2.2 Metal-containing phthalocyanine

It is possible to place around seventy different elements in the central cavity of Pc''® which
can strongly influence its physical properties. Metal Pcs are generally prepared from the

precursor using the metal salt as a template for the cyclotetramerisation (Schemel.2.2.1).

Tl %

N

NH -
(:QNH | /N--M--N® i poLi,
N
NH

Nx =N

O / N o
& =

Scheme 1.2.2.1. Synthetic routes to MPc. Reagents and conditions: i) Heat with metal salt. ii) Heat with metal

=Z

salt and urea. iii) Heat in ethanol with metal salt.
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When phthalic anhydride *or phthalimide®' are used, in the synthesis, it is necessary to add a
source of nitrogen, usually urea. In the majority of cases, the metallation can be achieved also
by refluxing Pc or PcLi; in the presence of the metal salt."'%?? The presence of the metal
cation allows the possibility of axial substitution, which could enhance the solubility and
reduce the Pcs co-facial aggregation due to the strong n-m interaction. Along with the axial
sites being a good place for substitution, there are another 16 possible sites of substitution
present in the phthalocyanine ring. In general the substituents are introduced in the
phthalonitrile precursors before the cyclotetramerisation reaction. Incorporation of
substituents, both in axial and in the ring, not only can increase its solubility, but can also

allow the physical properties to be changed.'’

1.3 Applications of phthalocyanine as materials

Since their discovery phthalocyanines have always been used as green or blue pigments. Since
then phthalocyanines have been studied as molecular materials due to their optical and
electronic properties,’ which is due to their electronic delocalization.'”” The symmetry in
phthalocyanines and planarity enables them to be used in supramolecular and polymer

3

chemistry.'® More recently phthalocyanines have been used as photoconductor,” and in
ry yp y p

.2 25 . . .
molecular electronics,** cancer therapy,” and catalysis appllcatlons.z(’

1.4 Phthalocyanine dimers

Phthalocyanine dimers were first described by Leznoff ef al, in 1984, where the proposed idea
was to use dimeric phthalocyanines in the reduction of oxygen to hydrogen peroxide.”’
Binuclear porphyrins had been used for this purpose, however they lose catalytic activity over
a period of time. Therefore Leznoff er al developed the idea of using binuclear

phthalocyanines which are more thermally and photochemically stable. A series of different
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binuclear phthalocyanines were synthesised from a mixed condensation of bisphthalonitrile or

its isoindoline derivative with a simple phthalonitrile.”

Figure 1.4.1. General structure of binuclear phthalocyanines synthesised by Leznoff.”

They found that the binuclear phthalocyanines, or “clamshell” species, can be either in a
closed or open conformation with or without Pc-Pc interactions. Most of the phthalocyanines
were found to be in the closed form which shows a double zn---n* band in the visible
adsorption spectrum near 650 nm (Q band),” characteristic of aggregation. The independence
from concentration shows that the aggregation is intramolecular as opposed to the

intermolecular.

In another paper, Leznoff investigated a series of dimers with naphthalene and anthracene
linkages, in an attempt to understand their exchange interactions and capacity to form mixed-

valence species” (Figure 1.4.2).
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Figure 1.4.2. Napthalene (a) and anthracene (b) linked cofacial binuclear Pcs (only syn conformation shown)

They found a strong interaction between the two halves of the dimer by electronic absorption.
Interestingly, when these dimers were adsorbed on a surface they acted as electrocatalysts for
the reduction of dioxygen, and were more effective than the corresponding monomeric

structures.

Work on the synthesis of alkynyl phthalocyanines using palladium coupling reactions has been
reported by Cook et al® These molecules can be reacted further to give ‘dinuclear’
phthalocyanines linked by an alkynyl chain. They exploited the use of the palladium coupled
reactions to synthesise a series of complicated phthalocyanine compounds. The first step was
aimed to obtain diethynylated and monoethynylated phthalocyanines. Their approach has been
to produce unsymmetrical phthalocyanine, where three of the benenzoid rings have the same
substituents and the fourth is different. Generally the fourth ring contains either bromine or
both bromine and another site for coupling which were, then, subjected to Sonogashira and

Stille couplings to give a series of ethynylated Pcs (Figure 1.4.3).
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\
R@R R R
= Br, OBu, CCSiMe;,
li, ii li, ii
RQR RQR
Bu
! 2 y
N—-l\:JI—N N—Ni—N
N % N
Bu
R%;R R’ = SiMe;, H R R R'=SiMes H

Figure 1.4.3. Synthesis of diethynlated and monoethynlated Pcs. Reagents and conditions: i. HCC-SiMe;.
[Pd(PPh;).Cl:]. PhsP. Cul. ii. HCC-SnBus. [Pd(PPh;),].

After the synthesis of these phthalocyanine monomers, they were coupled in the presence of a
copper salt in pyridine (or a solvent containing pyridine) to give a series of different Pc dimers

(Figure 1.4.4).
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R R
R N
N N =N
/ !
N—Ni—
\ H
R N ,N —N R
R
R
R
N R
NS\ SN
4 !
N—Ni—N
\ :
R N /N =N R
R

Figure 1.4.4. Synthesised Pc dimers by Cook, all R = decyl.

Both these compounds showed a split in the Q-band at 823 and 691 nm which is an indication
of the exciton coupling of the metal centres. Cook also found that when heating these
compounds to around 110 °C they enter the liquid crystal phase. However, if these were

heated further irreversible oligomerisation occurred most likely due to the alkynyl chains.?



Chapter 1
1.5 Project aim

As noted in the introductory section, phthalocyanines are one of the major classes of blue
colourants. Although generally stable, prolonged exposure to light tends to fade
phthalocyanines especially those water-soluble derivatives used as dyes for ink-jet printing.
The decomposition of phthalocyanines in light is usually due to the formation of singlet
oxygen due to the interaction of atmospheric oxygen to the photochemically excited state of
the macrocycle. For phthalocyanine pigments (i.e. insoluble microcrystals) this process is
hindered by intermolecular coupling of the excited states of neighbouring molecules, which
inhibits the interaction with molecular oxygen. The original aim of this PhD project was to
prepare discrete, water-soluble phthalocyanine oligomers as it has long been established that
when phthalocyanines are bound together via a flexible linking group they possess an
enhanced tendency to aggregate (intramolecular aggregation).’ It was planned to design and
prepare such oligomers to ensure that only intramolecular aggregation can occur, even in
aqueous media, where cofacial intermolecular interactions between the hydrophobic aromatic
macrocycles is prevalent. This was to be achieved by preparing oligomers with very bulky

linkers to act as steric blocking groups to prevent intermolecular aggregation (Figure 1.5.1).

10
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(0] CN

Figure 1.5.1. Initial plan for synthesis of phthalocyanine dimer 3

Once dimer 3 was produced, the ester groups were to be converted into bulkier groups, using

Grignard reactions involving large aromatic moieties, to stop intermolecular aggregation. It

was anticipated that a series of such dimers would provide useful model compounds for the

study of photochemical decomposition.

1.6 Synthesis of phthalonitrile precursors

The first step to produce the target novel phthalocyanine dimers was to synthesise the

precursor phthalonitriles and bisphthalonitriles that contain the reactive linking group for the

addition of large groups.

11



Chapter 1

Two different phthalonitriles were prepared, both containing iso-propyl groups, which would
aid the solubility of the resulting phthalocyanines for purification and characterisation.
Ultimately, water-soluble phthalocyanines were required but these initial studies focused on
the methodology of dimer formation. The first phthalonitrile of interest was prepared in
reasonable yield (63%) by the reaction of 4-nitrophthalonitrile and 2,6-di-iso-propylphenol to
give 4-(2,6-di-iso-propylphenoxy)phthalonitrile 4 as outlined in (Scheme 1.6.1).7

CN
CN ' ; /@
O A b
O,N CN
4

Scheme 1.6.1. Synthesis of 4-(2.6-di-iso-propylphenoxy )phthalonitrile 4. Reactions and condition: i. K,COs,
DMF 100 °C

The second required phthalonitrile contains two 2,6-di-iso-propylphenyl groups. For its
preparation, the precursor, 4,5-dichlorophthalonitrile 8, was synthesised from 4,5-
dichlorophthalic acid and then reacted with 2,6-di-iso-propylphenol to give 4,5-bis(2,6-di-iso-
propylphenoxy)phthalonitrile®® 9, as outlined is (Scheme 1.6.2).

12
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(@)
cl COOH . «l o
D: i o i NH il
Cl COOH Cl Cl
0 o)
7
\Q\( lw

8

Scheme 1.6.2. Synthesis of bis(2,6-di-iso-propylphenoxy)phthalonitrile 9. Reactions and condition: i. Acetic
anhydride, reflux: ii. Formamide, reflux; iii. NH4OH, 24hrs; iv. SOCl,, 4,5-dichlorobenzene-1,2-diamide, 0 "C,
20 hrs; v. K,CO;, DMF 100 °C

After the synthesis of these two precursors, the work focussed on the preparation of the

required bisphthalonitriles to provide the bridge for the phthalocyanine dimers. This was most

likely due to steric hindrance around the dimer formation.

1.7 Bisphthalonitrile synthesis
The critical precursor for the first desired bisphthalonitrile was formed by a reaction between

phenol and diethyl 3-oxopentanedioate, which eventually, proceeded smoothly to give 1 in

good yield (62%) (Scheme 1.7.1).

13
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EtO OH HO 0"'
O 0 O o o

EtO

Scheme 1.7.1. Synthesis of diethyl 3,3-bis(4-hydroxyphenyl)pentanedioate. Reactions and condition: i. H,SO,,
Phenol. 1 hr, RT.

The first attempt to prepare this compound consisted of reacting the two starting materials in
20 ml of H,SO4 monitoring the consumption of diethyl 3-oxopentanedioate by TLC. Upon
work up, it was noted that the two ester groups had been hydrolysed to carboxylic acid. This
unwanted reaction caused a problem in view of the need for the retention of the ester groups
for the addition of the Grignard reactions in the later stages of the dimeric phthalocyanine
synthesis, so the reaction conditions and duration were modified in order to prevent hydrolysis

and these were closely monitored (Table 1.7.2).

Vol of H,SO,4 (ml) Time / hrs Yield of 1 Yield of 10
20 4 0% 72 %
20 2 8 % 57 %
20 1 22 % 41 %
10 1 47 % 30%
5 1 62 % 11 %

Table 1.7.2. Experimental conditions for optimisation study for yield of ester product. (1g of diethyl 3-

oxopentanedioate was used at room temperature)

From Table 1.7.2 it can be concluded that 5 ml of H,SO4 and a reaction time of 1 hr produced
the highest yield of ester product, and gave the lowest amount of conversion to the acid

byproduct. After the isolation of the product and its purification by flash chromatography, the

14
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next step was to react it with 4-nitrophthalonitrile (Scheme 1.7.3) in order to form the

bisphthalonitrile precursor 2.

CN
EtO OH

0 CN

o /@:CN | E0._0 O

+ — :
<) ON cN

Et0” YO Q CN
on O X
EtO e CN

1 2
Scheme 1.7.3. Synthesis of bisphthalonitrile 2. Reagents and conditions: i. K.CO;, DMF. 100°C

Following the successful synthesis of the first bisphthalonitrile, it was decided to attempt the
synthesis of a further example, this time based on a dihydroxyhexaphenylbenzene molecule
previously reported in the literature.*? It was anticipated that a linking group based on the
bulky hexaphenylbenzene unit would provide sufficient steric hinderance to prevent
phthalocyanine intermolecular cofacial self-assembly. The first step in this synthesis involved
the formation of the tetraphenylcyclopentadione precursor and this was achieved in good yield
(83%) by using a double aldol condensation reaction between 1,3-diphenylpropan-2-one and

1,2-bis(4-methoxyphenyl)ethane-1,2-dione with KOH as the base (Scheme 1.7.4).

QW:
)
e Y <)
A8 Q0 i o
" —
o o )
/O
11

Scheme 1.7.4. Synthesis of 11. Reagents and conditions: i. EtOH, KOH, 80 °C.
15
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The required dimethoxy-hexaphenylbenzene precursor was prepared from 13 by the Diels-
Alder reaction with the commercial diphenylacetylene. This reaction involved the loss of CO
as a byproduct to form 12, which was then demethylated using BBrs;, to achieve the
dihydroxyhexaphenylbenzene monomer 13. This was then reacted with 4-nitrophthalonitrile,

to afford the second bisphthalonitrile 14 in good yield (62%) as shown below (Scheme 1.7.5).

O 7 O ONY O OH

———> _—_’.

« Q Oro, UOILT
S O 0 O OH

11 12
liii

O O O\@CN
CN
O (0] CN

14

Scheme 1.7.5. Synthesis of bisphthalonitrile 14. Reagents and conditions: i. Ph,O. diphenylacetylene. reflux: ii.
BBr;. DCM: iii. K,COs;. DMF, 120°C. 4-nitrophthalonitrile.

After the successful synthesis of the two bisphthalonitriles, the next step was to react them

with the previously prepared phthalonitriles 4 and 9, to form the phthalocyanine dimers.

16
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1.8 Synthesis of Dimers

The first series of phthalocyanine dimers was synthesised using a Zn*" cation template. This
metal cation differs from that used routinely for the phthalocyanines that are found in blue
inks and dyes which contain Cu2+, but the use of this diamagnetic cation allowed the
characterization of the products by NMR, which would otherwise be difficult because of the
paramagnetism of Cu”". The first attempted dimer synthesis involved reacting 3,3-bis(4-(3,4-
dicyanophenoxy)phenyl)pentanedioate 2 with 4-(2,6-diisopropylphenoxy)phthalonitrile 4 in

refluxing 1-methyl-2-pyrrolidine with zinc acetate (Scheme 1.8.1).
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Scheme 1.8.1. Synthesis of dimer 1, 15. Reagents and conditions: i. 2, 4, 1-methyl-2-pyrrolidone. Zn(OAc), 165
°C., 15 hrs.

After isolation of the crude product, the work focussed on the difficult and laborious

purification of the dimer. As the phthalonitrile 4 is used in great excess, the product mixture
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contained a large amount of symmetrical phthalocyanine 16, which since both it and the
desired dimer has similar polarity made purification very difficult. Flash chromatography was
the first technique used to separate the dimer from the symmetrical monomer. The separation
provided two major fractions, one of which 'H NMR showed to be composed solely of
symmetrical Pc 16, the second fraction, showed evidence of the esters within the bridging unit,
although the integration of the peaks indicated that the phthalocyanine dimer had not been
isolated purely, but as a mixture that also contained symmetrical Pc 16. Column
chromatography was repeated several times, using solvents of different polarities as eluent but,
unfortunately, a mixture was obtain each time as shown by NMR. Analysis of the mixture by
MALDI-TOF mass spectrometry showed the presence of the dimer and byproducts (Figure
1.8.2).
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Figure 1.8.2. MALDI spectrum of dimer 15.

Further confirmation of the presence of the phthalocyanine dimer, 15, was obtained from UV-
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Scheme 1.8.4. Synthesis of dimer, 17. Reagents and conditions. i., 1-methyl-2-pyrrolidone, Zn(OAc),, 165 °C. 15
hrs.

The resulting crude product mixture was first subjected to flash chromatography, using eluents
of differing polarity, to attempt the separation of the dimer from the symmetrical
phthalocyanine 16, formed in relatively large quantities because of the excess of the
phthalonitrile 4 used in the reaction. Unfortunately, as in the attempted preparation of dimer
15, the separation between the desired dimer and the symmetric phthalocyanine monomer
proved very difficult. The MALDI-TOF spectrum of the dimer-containing fraction obtained

after exhaustive column chromatography is shown below (Figure 1.8.5).
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Figure 1.8.5. MALDI of second dimer, 17.

The failure of these two different attempts at making dimers may be due to the strong
tendency of phthalocyanines to aggregate, which makes them very difficult to separate from
each other. In view of this, further chromatographic separations were attempted with the
addition of pyridine and 4,4'-bipyridine which it was hoped would act as axial ligands,
creating steric hindrance that would reduce aggregation and allow a better separation. This
tactic was thought particularly promising for 4,4’bipyridine as this bidentate ligand should
preferentially bind to the dimer and block the possible n-n stacking binding site of the dimer
for the monomeric phthalocyanine (Figure 1.8.6). Unfortunately, even the use of these ligands

did not have a beneficial effect on the purification of the dimer.
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Figure 1.8.6. Diagram of how 4,4"-bipyridine and pyridine could block off the axial sites of the dimer

A further idea to obtain a bridged phthalocyanine dimer was to use unsubstituted phthalonitrile
in the reaction with the bisphthalonitriles so that the resulting symmetrical byproduct was the
unsubstituted and highly insoluble zinc phthalocyanine, which, it was hoped, could then be

removed from the more soluble dimer. (Scheme 1.8.7).
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Scheme 1.8.7. Synthesis of Dimer 3. 18. Reagents and conditions: i. 14, phthalonitrile, 1-methyl-2-pyrrolidone,
Zn acetate, 1635 °C, 15 hrs.

Unsubstituted phthalocyanines are notoriously insoluble in most organic solvents, due to their
tendency to form stable crystals with strong intermolecular interactions. It was anticipated that
the unsymmetrical dimer that contained a bulky linking group would be more soluble and that
this difference could be exploited to separate it from the monomer. The apparatus used for this
kind of separation is the Soxhlet condenser; this enables hot solvent to be continuously passed
through the mixture of compounds, previously placed in a thimble-shaped filter.
Unfortunately, both the dimeric and monomeric phthlalocyanine were sufficiently soluble to
dissolve in hot THF. MALDI-TOF spectroscopy (Figure 1.8.8) confirmed that a mixture of

dimeric and monomeric phthalocyanine was obtained and so this method was abandoned.
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Figure 1.8.8. MALDI spectrum of the mixture of dimer 18 and monomer 19.

Attempts using bis(2,6-di-iso-propylphenoxy)phthalonitrile 9 to make a phthalocyanine dimer
was attempted, with both the synthesised bridges 2 and 14. However only the monomer was
present in both cases, this was most likely due to steric hindrance in forming the dimer. The
iso-propyl groups take up a large area, and fitting them all in a small space on forming the

dimers, most probably proved unfavourable.

Due to the challenging nature of this work and the changing priorities of the industrial
sponsors of the project (Fuji Photo Film Ltd., Blackley, Manchester), the focus of the PhD
programme changed to the study of microporous polymers as described in the following

chapters of this thesis.
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Chapter 2 Introduction to Microporous materials

2.1. Microporosity.

A pore, which can be widely defined as a limited space or spatial confinement, is one of the
most ancient concepts. The understanding, design, and manipulation of pores have
significantly advanced science and technology, and are playing increasingly important roles in
new technologies.” Of particular interest is the fact that porous materials have higher surface
areas than non-porous materials. According to the International Union of Pure and Applied
Chemistry (IUPAC), pores can be assigned to one of three classes®*: channels and pores with
diameters less than 2 nm are commonly known as micropores, and these generally represent
the largest portion of the material's surface area, whereas, pores with diameters between 2 and
50 nm are known as mesopores and pores with diameters greater than 50 nm are defined as
macropores. In the past decades, the study of microporous materials has become of increasing
importance in chemistry, leading to the diversification and further improvement of this class of
solids for established and new applications. There are, in fact, many areas of current academic
and industrial activity where the use of high surface area materials may have significant
impact, mainly for energy storage and separations technologies, including nanostructured
materials for highly selective adsorption/separation processes,35‘3’6 for instance H,O, H,S, or
CO; removal from natural gas, high capacity gas storage of H, and CH4*’ for fuel storage
applications and high selectivity/high permeability gas separations such as O, enrichment®®

and H; separation and recovery.
2.2 Measurements of microporosity by gas adsorption.

Gas sorption (both adsorption and desorption) at the clean surface of dry solid powders is the

most established method for determining the surface area of microporous materials as well
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as the pore size distribution. Due to the weak interactions involved between gas molecules and
the surface, adsorption is a reversible phenomenon. Gas physisorption is non-selective, so it
starts filling the surface step by step (or layer by layer) depending on the available solid
surface and the relative pressure. Filling the first layer enables the measurement of the surface
area of the material, because the amount of gas adsorbed when the mono-layer is saturated is
proportional to the entire surface area of the sample. In a gas sorption experiment, the material
is first heated and degassed by vacuum to remove adsorbed molecules. Then controlled doses
of an inert gas, such as nitrogen are introduced and the gas is adsorbed, or alternatively,
withdrawn and desorbed. The sample material is placed in a vacuum chamber at a constant
and very low temperature, usually at the temperature of liquid nitrogen (77K), and subjected to
a range of pressures, to generate adsorption and desorption isotherms. For a conventional
volumetric analysis, the gas sorption by the material (adsorbent) is determined by the pressure
variations on introduction of a known quantity of gas (adsorbate). Knowing the area occupied
by one adsorbate molecule, ¢ (for example, 0 = 16.2 A? for nitrogen), and using an
adsorption model, the total surface area of the material can be determined. The most widely

used model is the BET (Brunauer, Emmett, and Teller)* equation for multilayer adsorption:

P = )i + -

~

P
n(P-Py) Chp Chpm Py

In which, P, Py, ¢, n, ny, are the adsorption pressure, the saturation vapour pressure, a constant,
the amount adsorbed (moles per gram of adsorbent) at the relative pressure P/Py, and the
monolayer capacity (moles of molecules needed to make a monolayer coverage on the surface
of one gram of adsorbent), respectively. Through the slope and intercept of a plot of P//n(Py-

P)] against (P/Py), n, can be resolved. The specific surface area, S, can then be derived:

S= NAan'
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In Eq. 2, N4 is Avogadro’s number. The specific surface area that can be determined by gas
sorption ranges from 0.01 to over 5000 m%/g. In addition, the determination of pore size and
pore size distribution of porous materials can be made from the adsorption/desorption
isotherm using an assessment model, based on the shape and structure of the pores. The range
of pore sizes that can be measured using gas sorption is from a few Angstroms up to about half
a micron. The complete adsorption/desorption analysis is called an adsorption isotherm. The
IUPAC classification of adsorption isotherms® is illustrated in Figure 2.2.1 associated with
microporous (type I), nonporous or macroporous (types Il, IIl, and VI) or mesoporous (types

IV and V) materials.

1 Il 11

Figure 2.2.1. Type I is microporous. Type II. I1l, VI is a material wihout pores. Type IV, V is mesoporous. (Axis

X = Vs ceg', y =P/Po)

The differences between types Il and III isotherms and between types IV and V isotherms
arise from the relative strengths of the fluid-solid and fluid-fluid attractive interactions: types
Il and IV are associated with stronger fluid-solid interactions and types IIl and V are
associated with weaker fluid-solid interactions. The hysteresis loops usually exhibited by types
IV and V isotherms are associated with capillary condensation in the mesopores. The type VI
isotherm represents adsorption on nonporous or macroporous solids where stepwise multilayer
adsorption occurs. Adsorption by mesopores is dominated by capillary condensation, whereas

filling of micropores (type I) is controlled by stronger interactions between the adsorbate

28



Chapter 2

molecules and pore walls.* It is noteworthy that this nomenclature addresses pore width but
not pore shape, and pore shape and hysteresis can be important in some circumstances, such as
when dealing with shape selective molecular sieve behaviour or, as in some of the materials
presented in the thesis, due to welling on adsorption of nitrogen. Studying microporous
materials we are, of course, interested in isotherms type [ in which at low pressures there can

be a great quantity of nitrogen adsorbed for an almost imperceptible increase of P/Pj ratio.

2.3 Zeolites

A zeolite is a crystalline, hydrated aluminosilicate of alkali and alkaline earth cations having
an infinite, open, three-dimensional structure with a surface area per gram of material that can
range from 400 to 700 mz/g. They were discovered in 1755 by a Swedish mineralogist Axel
Cronstedt. They have a variety of applications including water softening,40 detergents,*' and
converting crude oil into gasoline and other fuels.**** Zeolites are able to lose and gain water
reversibly and to exchange extra-framework cations, both of these exchanges do not bring
about any structural changes to the crystal. Zeolites contain large amounts of water, which
form hydration spheres around the exchangeable cations, if this water is removed at high
temperatures (350 — 400 °C) small molecules can pass through the entry channels, but larger

molecules cannot. This is known as the ‘molecular sieve’ property of zeolites (Figure 2.3.1)

..

small
molecule

large molecule

Figure 2.3.1. Showing molecular sieve model of zeolites.
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The micropores in zeolites are of a uniform shape and size, this is different to activated
carbon, and this allows zeolites to remove all of the gas from a system, such as H,O in a
refrigeration system.** Zeolites also absorb small polar molecules, e.g., CO,, and have

applications in the purification of methane.*’

2.4 Activated Carbon

Activated carbons are highly adsorbent materials with a large number of different applications,
these include filtration, purification, deodorization, decolourization and separation, and it is
most commonly used to purify water.*® The adsorbancy is due to their high porosity and
surface area, which can be from 400 to 2500 ng'l.‘” A variety of raw materials, including
wood and coal, are used in activated carbon manufacture, this makes it cheap to manufacture.
The large surface area of activated carbon is down to its structure, although not fully
understood, it is agreed that it consists of a layered surface, in which flat sheets are broken and

curved (Figure 2.5.1).

Figure 2.5.1. The amorphous structure of activated carbon.

However during the carbonisation of coals and wood, cross-linking occurs, which leads to

extended graphitisation. The resulting network polymer, composed of randomly arranged
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graphene sheets, is intrinsically microporous.”® This gives rise to activated carbon with a
number of different sized pores including micro-, meso- and macroporosity. The surface of
activated carbon is very random and contains oxygen, nitrogen and polycyclic aromatic units
that form graphene sheets.*” It is this heterogeneous chemical nature of the surface, which
allows activated carbons to adsorb a wide range of metal ions and organic compounds, but

does not allow their use in a selective process.

2.5 Crystalline microporous materials

Crystals such as zeolites, are very ordered and have a well-defined pore size and shape. In
terms of surface area, many of the largest reported are crystalline materials composed of
organic components. For example, Metal-Organic-Frameworks, or MOFs, have attracted
much attention in recent years due to the possibility of controlling the size and shape of the
pores within the coordination framework. MOFs have some of the highest surface areas of all
microporous materials with some BET surface areas in excess of 5000 m”g",>® with excellent
potential for gas adsorption (e.g. methane adsorption = 240 cm®/g at 298 K, 36 atm). There is
also good potential for MOFs in hydrogen storage at 77 K (e.g., MOF-5 (figure 2.5.1); 5.1

wt.% at saturation and 7.5 wt.% for MOF-177 at 80 bar). 3!

+  Zn(NOj), —_DMF
Chiorobenzene

Figure 2.5.1. Synthesis of MOF-5
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Figure 2.5.2. (a) Building unit present in crystals (MOF-35), where the carboxylate carbon atoms are in an
octahedral geometry decorating (b) a primitive cubic lattice, and form (c) the most porous crystals known to date:

structures were drawn using single-crystal X-ray diffraction data.”'

Similarly, COFs (Covalent-Organic-Frameworks) are made up of purely light elements (H. B,
C, O and N) which form strong covalent bonds. The thermodynamic nature of the assembly of
these crystals favours the most stable configuration. The highest BET surface area of a COF
yet reported is 4210 mz/g (COF-103 as measured by N, adsorption at 77 K).>? This COF had
been formed using the condensation of fetra(4-(dihydroxy)borylphenyl)silane (Scheme 2.5.3)
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Scheme 2.5.3. COF-103 formation from condensation of tetra(4-(dihydroxy)borylphenyl)silane

The Yaghi group have been able to prepare a range of different COFs, by using different

boronic acids and co-crystals. Using these different starting materials they were able to design
the size of the pore and cavity of the resulting COF (Figure 2.5.4)

Scheme 2.5.4. Structure of crystalline products of COF-102 (A), COF-105 (B), and COF-108 (C), based on

PXRD and modelling. Hydrogen atoms are omitted for clarity
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The pores in COFs range from 8.9 A to 29.6 A. Indeed, the pores in COF-108 are so large it is
classified as a mesoporous material. COFs are not the only purely organic crystalline
structures that have been shown to be microporous. Recently there are examples of non-
covalent crystals, which like COFs, keep their structure once any included solvent has been
removed.”® One such crystal, investigated by the McKeown group, is, 3,3.4,4'-
tetra(trimethylsilylethynyl)biphenyl has a BET surface area of 278 mzlg, with a typical type |

microporous isotherm.”

(a):

Figure 2.5.5. 3,3".4 4'-tetra(trimethylsilylethynyl)biphenyl (a) its crystal structure and (b) pore structure.

More recently, Cooper et al. have produced molecular cages that form microporous molecular
crystals of various structures with BET surface areas up to 650 mz/g.56 Also the McKeown
group have stabilised a phthalocyanine based clathrate using molecular *wall-ties” (bidentate
ligands which coordinate to two phthalocyanine metal sites) to produce a molecular crystal

with permanent microporosity and BET surface areas in the range 850-1000 m%/g.%’
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Figure 2.5.6 (a) Cooper’s molecular cagf:s52 and (b) phthalocyanine nanoporous molecular crystals.53
2.6 Polymers of Intrinsic Microporosity

Polymers of Intrinsic Microporosity (PIMs) are macromolecules that are designed to pack
space inefficiently due to their rigid and contorted structures. Over the past years, the
McKeown group has developed the concept of PIMs by the synthesis of a diverse range of

examples as described below.”®

2.6.1 Phthalocyanine Network-PIMs.

The concept of PIMs originated from the idea of using extended aromatic components to
mimic the graphene sheets of activated carbons within a rigid polymer network. Initially, the
phthalocyanine®® macrocycle was selected as the aromatic component due to its extended
planarity (diameter ~ 1.5 nm) and range of useful properties. Previously prepared
phthalocyanine network polymers' showed a strong tendency of the macrocycles to aggregate
into columnar stacks, due to strong non-covalent interactions (primarily n—n interactions),
resulting in nonporous solids.*’ Therefore, it was essential to use a highly rigid and nonlinear
linking group between the phthalocyanine subunits that would ensure their space-inefficient
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packing, thus preventing structural relaxation and consequent loss of microporosity. Perfectly
suited to fulfil these requirements is a linking group derived from the commercially available
5,5°,6,6’-tetrahydroxy-3,3,3°,3’-tetramethyl- 1,1 -spirobisindane (20, Scheme 2.6.1.1). The
spiro-centre (the single tetrahedral carbon atom shared by two rings) of 20 provides the
nonlinear shape, and the fused-ring structure the required rigidity. Phthalocyanine network
polymers are generally prepared from a bis (phthalonitrile) precursor through a
cyclotetramerisation reaction that is usually facilitated by a metal-ion template. Such a
reaction using the bis (phthalonitrile) 21, prepared from the dioxane-forming reaction between
monomer 20 and 4,5-dichlorophthalonitrile 8, gives network polymers as free-flowing, highly

coloured powders.

HO
O‘ oH ¢l CN
A, ST ¥
N" SN
OH ) | \ o)
20 8 ] pERe O’
Xe) I (o) (2N
NC o — N=N=N .O
XD - o
RSO RO
o M = Zn, Cu, Co or 2H*

CN

Scheme 2.6.1.1 Phthalocyanine network polymer formation.

Spectroscopic (ESR, UV/visible absorption) and SAXS (Small Angle X-ray Scattering)
analyses of the network polymers confirm that the spiro-cyclic crosslinks prevent a close
packing of the phthalocyanine components, giving an amorphous microporous structure as

depicted by the model shown below (Figure 2.6.1.2).
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Figure 2.6.1.2. Molecular model of a phthalocyanine network polymer.*

Nitrogen adsorption measurements showed that these materials have high surface areas (in the
range 500—1000 m?/g) with very significant adsorption at low relative pressure (P/Po < 0.01)

indicating microporosity.61

2.6.2 HATN network-PIM

This network-PIM was formed from the reaction between the spiro-cyclic monomer 20 and
hexachlorohexaazatrinaphthylene®> 21a (Scheme 2.6.2.1). The important  precursor,
hexachlorohexaazatrinaphthylene 21a, was readily prepared in good yield from the
condensation reaction between hexaketonecyclohexane and 4,5-dichlorophenylene-1,2-

diamine.®

87



Chapter 2

Bt | ARSI

Q
2\
z
o
o
A

Scheme 2.6.2.1. HATN network polymer.

Nitrogen adsorption measurements give BET values for the surface area of this polymer in the
range 750—-850 m?/g. The shape of the adsorption isotherms and their marked hysteresis are
similar to those obtained from the phthalocyanine networks and are consistent with a wide
distribution of pore size, spanning the microporous range. In addition, the HATN-network-
PIM has in-built ligands for metal complexation and the Pd(II) loaded material is proving an

excellent heterogeneous catalyst for Suzuki aryl-aryl coupling reactions.®*

2.6.3 Cyclotricatechylene CTC network-PIM.

For hydrogen storage, PIMs may offer an attractive combination of properties including low
intrinsic density (they are composed of only light elements C, H, N, O — a real advantage over
MOF materials), chemical homogeneity (an advantage over MOFs), thermal and chemical

stability, and synthetic reproducibility. Of particular interest is the potential to tailor the
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micropore structure by choice of monomer precursors, for example, by the use of monomers

that contain pre-formed cavities to provide sites of an appropriately small size for hydrogen

adsorption.®®

To investigate this possibility, the bowl-shaped receptor monomer, cyclotricatechylene

(CTC)® 22 was incorporated within a network-PIM by using the usual benzodioxane-forming

reaction between CTC and tetrafluoroterephthalonitrile 23. (Scheme 2.6.3.1)
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Scheme 2.6.3.1. CTC network polymer formation. ’

The gas-adsorption properties of the resulting material, designated CTC-network-PIM were

compared to those of HATN-network-PIM and the results are listed below (Table 2.6.3.2).
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PIM % mass H, % mass H, H; per
BET Area (mzlg) (1 bar, 77K) (10 bar, 77 K) fused ring

HATN 820 1.37 1.56 0.43

CTC 830 1.43 1.70 0.56

Table 2.6.3.2. Gas adsorption data for HATN and CTC PIMs

The BET surface area of each PIM is in the region of 800 m’/g as measured by nitrogen
adsorption at 77 K. Analysis of the low-pressure nitrogen adsorption data by the Horvath—
Kawazoe method indicates that in each case the pore size distribution is strongly biased
towards pores in the range 0.6 — 0.7 nm. The particularly marked concentration of micropores
of 0.6 nm diameter for the CTC-network-PIM appears related to the internal dimensions of the
bowl-shaped CTC subunit and suggests that pore size distribution within PIMs can be tuned

by the choice of monomer precursor.

2.6.4 Soluble-PIMs.®?

Conventional microporous materials are held together by robust covalent bonds. However, for
PIMs such a framework is not necessary to obtain microporosity as the intrinsic microporsity
arises from the inefficient packing of the polymers chains. The relatively weak intermolecular
interactions within PIMs can be reversibly disrupted by solvent to allow solution processing to

provide a clear advantage over other microporous materials.

40



Chapter 2

%

Figure 2.6.4.1. Two dimensional representations of microporous structures. a) Crystalline covalent network (e.g.
zeolites or COF); b) nanoporous molecular crystal; ¢) amorphous polymer network or carbon; d) non-network

polymer such as a PIM.

Generally, polymers pack space efficiently because the macromolecules can bend and twist to
maximise intermolecular interactions. However, it has long been recognised that some
polymers can possess large amounts of void space, which is usually referred to as free volume.
In this context, are shown non-network polymers (Figure 2.6.4.1) derived from various
combinations of bifunctional monomers (Scheme 2.7.4.2 ; f,, = average functionality = 2) that
previously proved successful in forming Network-PIMs. The reaction between the aromatic
tetrol monomers 20, 24, 25 with the appropriate fluorine-containing compounds 23, 26 and 27
gave soluble PIMs PIMS-1 — PIMS-6. The combination of the fact that one of the two
precursor monomers contains a “site of contortion” (e.g. 20), with the planarity of the
dibenzodioxane ring formed during the polymerization, inducing microporosity in this family
of non-network polymers simply because their highly rigid and contorted molecular structures
cannot fill space efficiently. In particular, the lack of rotational freedom along the polymer
backbone ensures that the macromolecules cannot rearrange their conformation to collapse the
open structure of the material, resulting in solids that possess high surface areas (500-780

m%/ 2).
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Scheme 2.6.4.2 . Different monomers

In addition, unlike conventional microporous materials, these PIMs are soluble and can be
processed readily using solvent-based techniques. The two polymers derived from the reaction
of 25 and 23 or 25 and 27 are likely to be linear (dibenzodioxane is planar)69 and thus able to
pack efficiently and these polymers proved to be highly insoluble, non-porous materials (BET
surface area < 20 mz/g). Surface area determination demonstrates that PIMs 1-6 are
microporous with high surface areas. Micropore analysis indicates a significant proportion of

micropores with dimensions in the range 0.4-0.8 nm.”

2.6.5 PIMs derived from bis (phenazyl)-based monomers.

A large number of bis (catechol) monomers have been used for PIM synthesis but there are no
readily available tetra-halide monomers that contain spiro-centres to provide a suitable site of
contortion.”’ This was remedied by the simple synthesis of suitably reactive tetrachloride
monomers based on phenazine units prepared directly from suitable bis(catechol) monomers

such as 20 and 2,3,6,7-tetrahydroxy-9,10-dimethyl-9,10-ethanoanthracene 30. This is achieved
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by oxidation of the bis-catechol with nitric acid,”' or more efficiently with CAN,72 to produce
the bisquinones 28 and 31 that, on reaction with 1,2-diamino-4,5-dichlorobenzene, provide the

monomers 29 and 32 (Scheme 2.6.5.1).

cl NH,
O' oCIjC[NHZ
L~ —
2 2 1@[ 10

Scheme 2.6.5.1. Preparation of phenazine-baased halogenated monomers.
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PIMs-7-10 were prepared by the reactions between monomers 20 and 29, 30 and 29, 20 and
32, and 30 and 32, respectively (Scheme 2.6.5.2). PIMs-7-9 are soluble in a range of organic
solvents (especially CHCl3), but PIM-10 is soluble only in m-cresol and concentrated H,SO,.

GPC confirmed that the polymers possess reasonably high average molecular mass. For
example, purified PIM-7 prepared under optimized reaction conditions has apparent average
molecular masses of Mn = 26000 and Mw = 51000 g/mol, relative to polystyrene standards.
Nitrogen adsorption isotherms measured at 77 K confirms that PIMs-7-10 are microporous
with BET analysis of the isotherms suggesting an apparent surface area for each polymer of

more than 650 mz/g.
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2.6.6 Triptycene based PIMs.

The most microporous amorphous network reported to date prepared using the concept of
intrinsic microporosity is that derived from 9,10-dimethyl-2,3,6,7,12,13-
hexahydroxytriptycene, trip(Me)-PIM (Scheme 2.6.6.1 apparent BET surface area = 1730
m?/g).”* Consideration of a molecular model of an ideal fragment of Trip(Et)-PIM reveals a
possible explanation for the enhanced porosity. The triptycene component clearly provides the
necessary nonlinearity required for microporosity, a role performed by the spirocentre in PIM-
1 (Scheme 2.6.4.2) and the HATN-PIM (Scheme 2.6.2.1), or the bowl-shaped subunit in the
CTC-network (Scheme 2.6.3.1). The shape of the triptycene monomer also constrains the
growth of the polymer within the same plane to provide a rigid macromolecular structure with
large concavities. The faces of the ribbonlike “struts” between the triptycenes are oriented
perpendicular to the plane of the macromolecular growth. This arrangement blocks face-to-

face association between these planar struts, leading to greater IM.

OH ‘ o
HO [0}
CN
F F
F F HO
L7 70 [N
CN [0}

OH > o NN
trip(M ‘%\
rip(Me) NG

n

trip(Me)-PIM

Scheme 2.6.6.1 Synthesis of trip(Me)-PIM

A series of triptycene based PIMs with different length side groups attached to the bridgehead
positions was synthesised and reported, and showed successive decrease in surface area with

increased alkyl chain length (Table 2.6.6.2).
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H; uptake, 77 K, mmol/g (%omass)

Side BET N>  uptake; | Density
chain areza ; (mmol/g) (mL/g) ! bar 10 bar

(m7/g)
Me 1760 4222 1.67 8.90 (1.79) 15.6 (3.2)
Et 1416 39.5 1.40 8.33 (1.68) 13.7 (2.8)
Pr 1343 32.1 1.40 7.69 (1.55) 12.2 (2.5)
Bu 978 23.8 1.48 6.55 (1.32) 10.3 (2.1)
Pe 947 17.9 1.48 5.61(1.13) 8.8(1.8)
Oct 618 11.6 1.27 3.67 (0.74) 6.0 (1.2)

Table 2.6.6.2. Gas Adsorption Data for the Trip(R)-PIM series.

The adsorption isotherm displays remarkably distinct hysteresis extending to low partial

pressures between the adsorption and desorption cycles. This indicates that there is activated

adsorption arising either from a swelling of the polymer matrix or from the restricted access of

nitrogen molecules to pores due to blocking at narrow openings. Analysis of the low-pressure

nitrogen adsorption data by the Horvath-Kawazoe method’® indicates that the pore size

distribution within Trip-PIM is strongly biased towards sub-nanometre pores.”” A requirement

for the adsorption of gaseous probes, particularly those with low enthalpy of adsorption such

as hydrogen, is multi-wall interactions. Smaller pore widths achieve this feat most effectively,

as demonstrated by the ability of trip(Me)-PIMs to adsorb high amounts of hydrogen (up to
3.2 % mass, 77 K,

Table 2.6.6.2) at a relatively low pressure.
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2.7 Highly permeable polymers for membrane applications

Gas separation membranes are increasingly being investigated for their possible use in natural
gas purification, carbon dioxide capture or hydrogen recovery. A successful membrane must
possess good selectivity for a particular gas and demonstrate good permeability (i.e. flux) to
enable a small area of membrane to be used. However, membranes tend to have a combination
of high permeability and low selectivity or vice versa. This trade off was quantified by
Robeson,”* using a double logarithmic plot of selectivity (as a ratio of permeability) against
the permeability of the fastest gas species. Due to recent advances in polymer material the
upper limit was redefined in 2008.”> High permeability is linked to high free volume (i.e.
space not occupied by the polymer molecules) but in addition it should contain pores of less
than 1 nm, to ensure that the membrane behaves as a ‘molecular sieve’ by allowing smaller

molecules to be transported faster than larger ones.

2.7.1 Substituted polyacetylenes.

These types of polymers (e.g. polytrimethylsilylpropyne — PTMSP; Figure 2.7.1.1) are
prepared by chain polymensation of the acetylenic monomer using a transition metal
catalyst.”® The resulting double bonds can be in the cis or trans configuration and the bulky
side chains restrict rotational freedom along the polymer backbone. The resulting rigid and
contorted macromolecules do not allow the polymer to pack efficiently’” and gives it a high
free volume which in turn gives it a high permeability but due to the relatively large

micropores created; these polymers provide low selectivity as discussed above.
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Figure 2.7.1.1. Poly(trimethylsilylpropyne) repeating unit.

2.7.2 Perfluoropolymers.

Of the commercially available perfluoropolymers Teflon AF2400 (Figure 2.7.2.2) has the
highest permeability, particularly for oxygen and can be used for the separation of O, from N>.
Teflon AF polymers have lower densities than other polytetrafluroethylenes, which leads to

their high free volume.

[N
[ Ole £l
FiC CF,

Scheme 2.7.2.1. Teflon AF2400 (x=0.87, y=0.13).

2.7.3 PIMs.

Membranes prepared from PIM-1 have high permeability even when compared to the highest
of free volume polymers discussed above. Of particular interest is that they also demonstrate
high selectivity for the separation of a number of commercially important gas pairs (e.g.
02/N3; CHy/CO;,)."®” An advantage of PIMs is the possibility of altering the side groups to

enhance performance.

(@)
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e ¢
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cN "

Scheme 2.7.3.1. Repeating unit of PIM-1 used in membrane fabrication.
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2.8 Aims of revised project

Due to the difficulties encountered with the purification of the phthalocyanine dimers, as
described in Chapter 1, it was decided to use some of the methodology previously used to
prepare hexaphenylbenzene-based precursors for bridged phthalocyanines for the synthesis of
novel monomers for Polymers of Intrinsic Microporosity (PIMs). Of particular interest are
PIMs which are soluble in organic solvents which can be used to cast films for potential use as
microporous membranes for gas separations. We hoped that, due to the very different
structures of the proposed hexaphenylbenzene monomers, as compared to those used
previously (e.g. spirobisindanes), that their gas permeability would be enhanced with respect

to selectivity and/or permeability.

C

Figure 2.8.1. A molecular model of the 1,2,3,4,5,6-hexaphenylbenzene unit.

Hexaphenylbenzene is an interesting building unit for organic materials due to its rigidity,
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which arises from the mutual steric interactions of the phenyl groups. These interactions
results in a propeller-like shape. Derivatives of hexaphenylbenzene have been of considerable
interest for a wide variety of applications in materials chemistry including: precursors to
synthetic graphene fragments or use in organic electronics,® building blocks for crystal

818283 and proton-transport materials.®* They have also been used extensively for

85.86

engineering

making polymers of high glass-transition temperatures.

Of immediate interest was PIM-like polymers derived from 1,2-bis(3’,4’-dihydroxyphenyl)-
3,4,5,6-tetraphenylbenzene, (31; Figure 2.8.2), similar to compound 14 that was used as a
bridge for phthalocyanine dimers was suggested as a possible monomer. Although the
hexaphenylbenzene unit possesses no spirocentre its rigidity and the steric hindrance due to
the six aromatic rings that surround the central benzene may lead to inefficient packing and

hence the desired microporosity.

! OH

OH
SPpQoH
OH

31

Figure 2.8.2. Biscatechol monomer 31 for making PIMs incorporating the hexaphenylbenzene unit.
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Chapter 3. Synthesis of hexaphenylbenzene-derived microporous
materials.

3.1 Hexaphenylbenzene-based Organic Molecules of Intrinsic Microporosity
(OMIM).

Thus far in the field of organic microporous materials it was believed that microporosity was
a result of the packing inefficiency resulting from long-range rigid non-linear polymer chain
entanglement or crystalline order. Work within the McKeown group by Dr. Kadhum Msayib
and Mr. Jonathan Walker led to the discovery that the triptycene tetramer compound OMIM-1
has an apparent BET surface area of 580 m%/g. The result was surprising for such a small
discrete molecule and it has prompted further work on this class of material termed Organic
Molecules of Intrinsic Microporosity (OMIM). Hence it was of interest to make an OMIM in
which the triptycenes are replaced by hexaphenylbenzene units to assess the utility of this

component for the preparation of further microporous materials.

ho
' D
4,

CN

OMIM-1

Figure. 3.1.1 Chemical and space filling energy minimised structure of OMIM-1, which demonstrates an

apparent BET surface area = 580 m2/g (N, 77K).

The synthesis of the hexaphenylbenzene-based OMIM 34 required the synthesis of the
monomer 1-(3°,4’-dihydroxyphenyl)-2,3,4,5,6-pentaphenylbenzene, 33 that would then be
reacted with 2,2',3,3',5,5',6,6'"-octafluorobiphenyl-4,4'-dicarbonitrile 32 (Figure 3.1.2).
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Figure 3.1.2. Synthesis of the desired hexaphenylbenzene-containing monomer. Reagents and conditions. i.
K-CO;. DMF, 120 °C. 18 hrs.

The synthesis of the desired monomer 33 is outlined in Scheme 3.1.3. Firstly, 1,2-dimethoxy-
4-(phenylethynyl)benzene was synthesised using a palladium catalysed Sonogashira coupling
between phenyl acetylene and 4-bromoveratrole. The resulting 1,2-dimethoxy-4-
(phenylethynyl)benzene was then heated with 2,3,4,5-tetraphenylcyclopenta-2,4-dienone, in a
Diels-Alder reaction to give 1-(3°,4’-dimethoxyphenyl)-2,3.4,5,6-pentaphenylbenzene 36.

This was then demethylated using boron tribromide®’ to give monomer 33.
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Scheme 3.1.3. Synthesis of 1,2-dihydroxy-4-(phenylethynyl)benzene. Reagents and conditions: i. [P(Ph);},PdCl,,
Cul, Et3N. DMF, 90 °C, 15hrs; ii. 2,3,4,5-tetraphenylcyclopenta-2,4-dienone, EtOH, KOH, 80 °C:; iii BBr;, DCM.

Monomer 33 was then reacted with 2,2',3,3',5,5',6,6'-octafluorobiphenyl-4,4'-dicarbonitrile in
DMF using K,CO; as base. After purification using column chromatography, the resulting
compound 34 was obtained in good yield (73%). The model compound was confirmed by
MALDI MS (Figure 3.1.4). Nitrogen adsorption analysis gave a BET surface area of 406 m?/g
(Isotherm 3.1.5). Although this value is slightly smaller than that of OMIM-1 it is still
significant for a discrete molecule of modest molecular mass. Using the conventional
Brunauer-Deming-Teller classification, this is a Type 1V isotherm. This suggests that there are
both microporosity and mesoporosity within the material, the latter suggested by the hysteresis
loop between adsorption and desorption, which closes at p/p, = 0.5. An alternative explanation
for this unusual shaped isotherm is swelling of the material at higher relative pressures. An

examination of a molecular model of 34 (Figure 3.1.4) shows the awkward shape of 34
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Isotherm 3.1.4. BET isotherm of model compound 34

Figure 3.1.5. Two views of the molecular model of 34 showing its awkward shape that leads to intrinsic

microporosity.

3.2 Synthesis of hexaphenylbenzene based ladder polymers.

Following the success of the hexaphenybenzene-based OMIM, the synthesis of derivatives

that contain two catechol units was desirable as these would be precursors to ladder polymers
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(i.e. non-network) when reacted with 2,3,5,6-tetrafluoroterephthalonitrile. It was anticipated
that such polymers would be soluble in common organic solvents, which could allow the

casting of a membrane film, to be used for gas permeation experiments.

OH OH OH

’\OH OH O
L OH
S g e

OH

B i ooo
TLO TLQ 4%

Figure 3.2.1. The three regioisomers of di(3°,4’-dihydroxyphenyli)pentaphenylbenzene. In addition there could
be conformers due to restricted rotation about the aryl-aryl C-C bonds. The colour coding represent the origin of

the phenyl units from the precursors used to build the hexaphenylbenzene unit

There are three potential regioisomers of di(3’,4’-dihydroxyphenyl)tetraphenylbenzene,
arising from the possibility of ortho- (1,2), meta- (1,3) or para- (1,4) substitution of the central
benzene ring as shown in Figure 3.2.1. Due to the method of assembly of the hexaphenylene
core (as represented by the colour-coding in Figure 3.2.1), the only isomers that can be
prepared as a single regioisomer is the ortho-derivative 31 and, therefore, this was the initial

target.

56




Chapter 3

Figure 3.2.2. Precursors used in the unsuccessful attempt at preparing 31.

3.2.1 Preparation of 1,2-di(3’,4’-dihydroxyphenyl)-3,4,5,6-tetraphenylbenzene.

The reaction scheme successfully used previously for compound 33 was modified in order to
attempt the synthesis of 31 (Figure 3.2.2). Firstly, 4-ethynyl-1,2-dimethoxybenzene 38 had to
be prepared via a literature route®® as it is not commercially available. This was achieved using
the Corey-Fuchs reaction as outlined in Scheme 3.2.1.1. The Corey-Fuchs reaction is related
to the Wittig reaction and involves the synthesis of a dibromoalkene 37 from the aldehyde.
This was then treated with BuLi followed by aqueous work-up to eliminate the bromine
moieties to obtain the required terminal alkyne. This precursor was then reacted with 4-

bromoveratrole, via a Sonogashira coupling reaction.
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Scheme 3.2.1.1. Attempted synthesis of Monomer 40. Reagent and Conditions: i. CBr4, PPh;, DCM, 30 min; ii.
BuLi, DCM; iii. [P(Ph);],PdCl, Cul, Et;N, DMF. 90 °C. 15hrs.

Unfortunately, the attempted Diels-Alder reaction between 39 and 234,5-
tetraphenylcyclopenta-2,4-dienone in refluxing diphenyl ether failed (Scheme 3.2.1.1). The
reason for this failure is thought to be due to the strong electron donating methoxy groups
present on the diphenylacetylene. Classically, for a Diels-Alder reaction the dienophile is
electron-deficient and the diene electron-rich, which decreases the energy of the LUMO of the

diene, therefore, allowing better overlap with the HOMO of the dienophile.
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Figure 3.2.1.2. Precursors used in the successful synthesis of 31

Due to the failure of this synthetic route, another route was devised which incorporated the
methoxy groups on the diene, which it was anticipated would enhance the electronic
configuration of the Diels-Alder reaction (Scheme 3.2.1.1). Literature revealed an apparently
straightforward method of making the required dione and is shown in Scheme 3.2.1.3.%
However, the use of the toxic reagent KCN and the long reaction time of 50 hrs prompted us

to find an alternative method of preparing 31.

Ol

(0] (o) 0\ (o)
\O ~g O OH e o O (o]
41 42

Scheme 3.2.1.3. Literature synthesis of 42. Reagent and conditions: i. KCN, EtOH, H,O0, reflux, 50 hrs; ii.
CuS0,.5H,0, pyridine, H,0, 8 hrs.

The first step of the alternative approach involved making the acyl chloride of (3,4-
dimethoxyphenyl)acetic acid which was achieved smoothly with thionyl chloride in DCM in
very high yield 45 (94%). The resulting acid chloride was successfully reacted with veratrole

in a classical Friedel-Crafts acylation, using aluminium trichloride as the Lewis acid, also in
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very high yield (81 %). The ketone 44 was then oxidised by selenium dioxide to form the
dione 45 (Scheme 3.2.1.4).

Scheme 3.2.1.4. Synthesis of 1,2-bis(3,4-dimethoxyphenyl)ethane-1,2-dione 45. Reagent and conditions: i.
SOCIl,, DCM, 1 hr; ii. Veratrole, AICl;, DCM, 3 hrs; iii. SeO,, Dioxane, H,0, 15 hrs.

This dione 45 was reacted with 1,3-diphenylacetone in an attempt to form the
cyclopentadienone derivative 46. Unfortunately, dione 45 is not soluble in EtOH even when
heated. This seemed to have an adverse effect on the reaction, which was monitored by TLC.
Although a TLC spot of the expected colour (purple) started to appear, over time it faded and a
different red spot appeared of greater polarity. The compound associated with the red TLC
spot was isolated by column chromatography but its 'H NMR spectrum was very difficult to
interpret. In an attempt to see if this product was derived from a self-condensation of 1,3-
diphenylacetone, a reaction was set up in the absence of the dione. TLC analysis of the
product mixture showed an absence of the unknown red spot. In an attempt to increase the
speed of the reaction so to avoid the formation of the compound associated with the red TLC
spot, a mixture of THF and EtOH was used as solvent to ensure the solubility of 45. However,
this reaction failed and only starting material was observed by TLC. Therefore the choice of
the base was examined. However, the use of NaOH or potassium z-butoxide did not yield any

of the desired dione. The effect of different stoichiometries of KOH was explored. Firstly,
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0.5 molar equilvalent of KOH was used and this was left for 1hr; TLC analysis showed that
the product spot was slowly appearing, so another 0.5 molar equilvalents of KOH of base was
added. After a further hour, TLC analysis showed a strong product spot but also that the
unwanted red spot had started to appear. So the reaction was stopped and the resulting
precipitate filtered. The black powder was washed with EtOH and gave the required
cyclopentadienone 46 in a good yield of 67%. This route became the preferred method for the
preparation of tetraphenylcyclopentadienone derivatives as it gave the product in a pure and

readily isolated form.
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Scheme 3.2.1.5. Synthesis of 46. Reactions and conditions: i. KOH. EtOH. 80 °C.

Once the desired cyclopentadienone derivative 46 was obtained, the coupling of the two
molecules via a Diels-Alder reaction was attempted. The reaction proved successful,
presumably due to the more appropriate electronic configuration of the diene and dienophile,
and gave the direct precursor to the desired monomer 40 in good yield (65%) after purification
by column chromatography. To convert this into monomer 31 ready for polymerisation, it was
treated with boron tribromide in DCM and recrystallised from hexane and DCM (Scheme
3.2.1.6)
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Scheme 3.2.1.6. Synthesis of monomer 1, 31. Reagents and conditions: i. Ph,0, reflux, 15 hrs; ii. BBr;, DCM, 1
hr.
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3.2.2 Polymerisation of 1,2-di(3’,4’-dihydroxyphenyl)-3,4,5,6-tetraphenylbenzene.

Once the monomer 31 had been purified and carefully dried under vacuum, it was
polymerised. This involved reacting 31 with an exact stoichiometric amount of 2,3,5,6-
tetrafluoroterephthalonitrile and K>CO; in DMF, which was left for 72 hours at 60 °C
(Scheme 3.2.2.1). Being a step-growth polymerisation, the stoichiometric ratio of 31 to that of
2,3,5,6-tetrafluoroterephthalonitrile is very important to ensure a reasonable molecular mass of

polymer.
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Scheme 3.2.2.1. Synthesis of polymer, 47, from hexaphenyl monomer. Reactions and conditions: i. DMF,
K,COs;. 65 °C. 96 hrs.

When the reaction was over the product mixture was quenched with water and treated with a
few drops of 2M HCI to remove unreacted K,COs. Normal procedure for isolating a PIM such
as PIM-1 involves collecting the solid by fil<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>