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Abstract

Aliphatic disulfone-containing and wholly aromatic disulfone-containing

monomers \ryere prepared via nucleophilic aromatic substitution reactions mediated

by the cyclopentadienyliron moiety. The cyclopentadienyliron moiety allowed for

the roorn ternperature synthesis of monometallic and bimetallic sulfide complexes

via SNAI reactions. The resulting sulfide complexes were robust enough to survive

oxidation to the corresponding sulfone complexes. The resulting sulfone complexes

were then subjected to photolytic or pyrolytic demetallation to liberate the organic

disulfone-containing -monomers from the cyclopentadienyliron moiety. This

organoiron methodology allowed for the preparation of these monomers in

sufficiently pure form as displayed by their tH NMR and r3c NMR spectra, and

sharp melting points. The step-growth polymenzation of these novel sulfone-

containing monomers was then investigated. The resulting aliphatic-containing

polyarylethersulfones showed weight-average molecular weights (M*) ranging from

9,000-16,000, number-average molecular weights (M") ranging from 6,000-11,000

with corresponding polydispersity indices ranging from I.4-2.03 and degrees of

polymerization ranging from 13-24. The aliphatic-containing polyarylethersulfones

displayed relatively constant thermal decomposition temperatures ranging from 458

to 460 oc and glass transition temperatures (Trs) ranging from 89 to 155 oc. The

step-growth polymerization of wholly aromatic disulfone-containing monomers did

not allow for the preparation of polyarylethersulfones containing the anticipated

disulfone repeat unit; instead, the polymers displayed a monosulfone repeat unit due

to sulfone induced sulfone cleavage.
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1.0 Step-Growth Polymerization of Aromatic Ethers

1.1 Introduction

It was once said at the tum of the century, "There can be no such thing as a

macromolecule".l It was under this incredulous atmosphere that H. Staudinger put

forward his macromolecular hypothesis, which was eventually to earn him a Nobel

Prize in Chemistry in 1953.t In 1920, at the age of 39, he made a decisive move to

study what were called 'high molecular compounds".l-3 His first speculation

appeared n 1917 at a talk he gave to the Swiss Chemical Society, in which he

commented:

.. ..one may assume that in a primary step unsaturated molecules cdmbine in

a manner similar to that in the formation of four- or six-membered rings but

that for some reason, possiblyìr.nr, ring formation does not take place so

that a large number, possibly hundreds of molecules, assemble untii

equilibriurn between the large molecules has been obtained, which depends

on temperature, concentration and solvent.

This revolutionary idea was to take human civilization into a new Age. Man had

always accepted and utilized, with little modification, what nature gave to him, and

as such had fashioned the stone, copper, bronze, and iron ages, and now

Staudinger's radical idea would explode into the Age of Macromolecules.l-3

Before the synthetic fuse could be lit, chemists had to gain knowledge about

the chemistry of polymeric substances forming their biotic surroundings, which

included cellulose, starch, rubber, and proteins.t-3 Man had used cellulose and starch

for millennia as structural building materials and energy to power their bodies

without understanding their nature.

1



A man by the name of Leo Baekeland lit the fuse in 1905 when he prepared

the fi¡st completely synthetic polymer.l-3 The polymer v/as commercialized und.er

the tradename Bakelite and was to launch Leo Baekeland onto the cover of Time.l-3

The "Science" behind this commercial success was wanting though. There \¡/as no

unambiguous conception of the structure of these materiais available and as such

scores of scientists held these so called "grease chemists" in disdain.l-3 These

scientists held the fashionable view that Staudinger's "high molecular compounds"

were colloidal in nature (i.e. they rvere aggregates of the familiar small molecular

species held together by "secondary valence forces').1-3 unforhrnately, the

experimental techniques at the time were such as to preclude the proper stud.y of

these materials. In the 1930's this all changed when 'Wallace Hume Carothers

established experimental verification of Staudinger's macromolecular theory. This

work was eventually to lead to the commercial development of neoprene rubber and

polyamide f,rbers such as nylon.s

V/ith the polymer explosion well on its way it was time for a classification

scheme. Such a scheme was fnst put forward by Carothers.s Generally, one of two

things happens to rnonomers during polymer synthesis, either the monomer retains

all of its atoms or it loses some in the process of polymenztng. Carothers'

classification scheme is based on whether the repeating unit of the pol1,n'rer contains

the same atoms as the monomer. If the repeating unit of the polymer contains the

same atoms as the monome it is called an additíon polymer (equation 1.1) and if

the repeating unit of the polymer does not contain the same atoms as the monomer it

is called a condensation polymer (equation 1.2).

2



Equation 1.1: Addition pollmrer

H2C=CH2

Monomer

initiator

---_.+

lH Hl
+ð-ð+
L'l 'll'Polymer

Monomer

Equation 1.2: Condensation polymer

j,.,

There is some ambiguity in this classification scheme though. If you are given only

the structure of the polymer you will not be able to say for certain how it was

formed. A given polyner structure could have been arrived at by either an additton

or condens ation ptocess.

Monomer

Polymer



Instead of a classification system based on the end polymer structure, a

modern approach utilizes the polymerÌzation mechanism and as such condensation or

addition pollaners may be formed by different mechanisms. The two mechanistic

categories include step-reaction or step-growth polymerization and chain-reaction

or chain-growth polymerization.s If the mechanism involves the successive joining

of monomer molecules to the end of a growing chain, the process is called chain-

reaction or chain-growth polymerization. As this mechanism will not be essential

for our purposes, it will not be discussed further. Let us take the step-reaction or

step-growth polyrnerization category, exemplified in equation 1.2. The mechanism

involves a stepwise build up of monomers. The reaction occurs in the entire volume

of solution building up dimers, trimers, tetramers, etc, until we reach oligomers and

polymers. Equation 1.3 expresses the relationship between the degree of

polymerization (DP) of a polymer and the polyrner chain molecular weight and

repeat unit molecular weight. The equation shows us that the number of repeat

units in a polymer chain can be calculated by taking the ratio of polymer molecular

weight to repeat unit molecular weight.

Equation L.3: Relation for calculating the degree of polyrnerization DP

In step-growth polymerizations monomers are consumed rapidly while molecular

weights increase slowly. The end groups of the pol¡rmer chains remain reactive but

the polymenzation rate decreases steadily during the course of the polyn'rerization as

the end groups are consumed. The polymerization will slow down as the viscosity

DP: M w(Pol¡'ner)

Mv(repeat unit)



of the reaction rnedium increases and slows the movement of reactive chain ends

and/or the removal of byproducts.6-8

There are a number of inherent limitations to the step-growth polyrTerization

mechanism and these include, but are not limited to, the need for highly purified

monomers and lengthy reaction times. These limitations should become clear as we

move on. Equation 1.4 expresses the relationship between the degree of

polymerization DP and monomer conversion (p).

Equation 1.4: Relation for calculating DP given monomer conversion

1

DP: '
I-p

From equation 1.4 we can see that the length of a pol¡rmer chain has a strong

dependence on monomer conversion. No is the number of monomers at the start of

the reaction and N is the number of monomers after a given reaction period. Let us

say v/e had, for example, 100 rnonomers at the start of the reaction (N") and at some

time later we had I monomer left over [N). 100-1/100 gives us a value of 0.99.

Substituting into equation 1.4 we get DP of 100. If we were to perform the same

calcuiation given a monomer conversion value of 0.98 the D P would now be cut in

half to only 50. This simple calculation shows us that if we want to prepare high

molecular weight polymers via the step-growth mechanism then N must be very

small (i.e. a small amount of unreacted monorner and consequently high monomer

conversion).

À/, - À/
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Figure 1,.1: Relation showing the strong dependence of molecular weight
on the stoichiometric balance of rnonomers

ln the above equation we did not take into account one of the other serious

limitations of step-growth polymerization ; the persnickety nafure of monomer

stoichiometric balance (i.e. the need for highiy purified monomers). It is essential in

step-growth polymerizations to maintain an exact stoichiometric balance and as such

only very pure monomers will allow for the production of high molecular weight

polymers as can be seen from figure 1.1 above.e Two additional factors that

contribute to stoichiometric imbalance include mono-functional impurities and side

reactions.6 Mono-functional impurities will deactivate chain ends and as such upset

the balance of reactive sites.a'e Reactions other than the polyrner forming reaction

lrrl
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(i.e. side reactions) will upset the stoichiometry and this necessitates the utilization

of high-yielding polymer forming reactions. It may sometimes be desirable to limit

polymer molecular weights for optimal property characteristics or industrial

processing needs, and from the above discussions there are three ways of achieving

this - the chemist may rapidly cool the solution, add an excess of one monomer, or

add an end-capping monofunctional impurity Equation 1.5 expresses the

relationship between this stoichiometric imbalance (r) and Dp .

Dp - l+r
r *l -2rp

Equation 1.5: DP as a function of stoichiometric imbalance, r, and rnonomer
conversion, p.

When r = 1, equation 1.5 reduces to equation 1.4. Given the monomer conversion

one can calculate the stoichíometric imbalance necessary to reach a given degree of

polymerization. Equation 1.6 gives us the maximumDP achievable when there is

100 % monomer conversion (i.e. p = 1¡.

pp -l+rI-r

Equation 1.6: DP given that the monomer conversion p = Q

Let us go through an example given that there is complete monomer conversion (i.e.

p = l). For a I Yo imbalance in monomer stoichiometry (r = 0.99) substitution into

equation 1.6 gives

Dp:!!!24se
l -0.99



The same calculation carried out with 2 arñ 3 o/o excess monomer gives Dp of 99

and 66, respectively. From the above calculations two conclusions follow: high

yielding polymer forming reactions and cont¡ol over the variables affecting

stoichiometric balance ¿ìre critical for the fomration of high molecular weight

materials.

This work is focused on the synthesis of polyarylethersulfon es via step-

growth polymerization and as such the above factors are important. It has been

shown that in the fonnation of polyarylethersulfones the stoichiometric balance may

be upset due to competing nucleophilic aromatic substitution (SNAI) and single

electron transfer (SET). The SET pathway is a non-polymer forming side

reaction.lO'll The SET pathway causes reductive elimination of chloride from the

aryl halide (equation 1.2) which results in a stoichiometric imbalance of the two

monomers. This pathway depends on the structures of the aryl halide and bisphenol,

and polymerization conditions including solvent characteristics and polymerization

temperature. Fluoride-containing aryl halides give the highest molecular weight

materials and iodide the lowest.'o Th"r. was minimal disparity between aryl halides

containing fluoride and chloride leaving groups. This example illustrates the

importance that structure and polymerization conditions can have on the attainment

of high molecular weight materials.

There are a number of viable step-growth synthetic methods at the chemist's

disposal for the synthesis of polyarylethers. Electrophilic synthetic methods initially

dominated much of the polyarylether scene before the advent of nucleophilic

synthetic methods and so a discussion of these methods is essential.l2-l4 Ullman,

Scholl, and metal cataLyzedmethods will also be touched upon.

8



Polyaryletherc are called high-perþrmance plastícs or engineering plostics

because they are often replacing metallic materials in demanding engineering roles

where they must be able to survive high temperatures for prolonged periods of

time.l2 The polyarylethersulfones encompass one of the major polym.er families

that have given rise to the 'lhigh-perforÍìance" levels possible from today's

materials.12 Additionai members of the polyarylether family include

polyaryletherketones, polyetherimides, and polyphenylene ethers.l2 It is the aryl

ether group (figure 1.2) that is cenhal to the high-perfonnance cha¡acteristics

achievable from polyarylethers and consequently, synthetic methods that can prepare

this group are essential.

Figure 1.2: The stable aromatic ether iinkage

Aryl ether group



Electrophiiic synthetic methods were first utilized in the preparation of

conmercially viable polyarylethersulfones-t2't6'17 These methods consist of an

electrophilic aromatic substitution that proceeds through an arenium ion

mechanism.ls kr this mechanism an electron deficient species (electrophile y* in

equation 1.7) attacls the arene (nucleophile) and generates an arenium ion which

subsequently loses a proton to generate the new species. The electron deficient

species has changed places with the proton.

Equation 1.7: Mechanism for the electrophilic aromatic substitution reaction
(X=H)

In the preparation of polyarylethersulfones via this route, the attacking

reagent is formed by the interaction of a sulfonyl chioride containing monomer and a

stoichiometric amount of a Freidel Crafts catalyst.l2 Utilizing catalysts such as

FeCl3, SbCl5, or InCl¡ allows for the use of catalytic quantities, which is important in

preventing side reactions and removing catalyst from the polymers. The activation,

and direction of attack of an incoming electrophile is dictated by groups already

present on the arene. Electron donating groups, like ethers, activate the arene and

direct the electrophile to ortho andpara positions. Electron withdrawing groups tike

sulfones deactivate the arene and direct the electrophile to the meta position.

10
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Utll:zng these methods the 3M company in the 1960's introduced the polyarylether

Astrelru shown below (figure 1.3).tt

Figure 1.3: Commercial polysulfone developed via electrophilic synthetic methods

Because of the mechanistic details of the electrophilic aromatic substitution reaction,

such as the large number of side reactions, this route to polyarylethersulfones is

limited. The electrophilic methods tend to produce defects in polymer structure,

such as the formation of ortho substituted structures during the chain growth process

and chain branches due to the continued reactivity of the whole poll.rner chain. If

these features did not disturb the end product properties of the polyarylethersulfones

then it would be tolerable, but the aforementioned structural defects do not translate

into desirable processing and property characteristitics. ls' le

These limitations of the electrophilic s¡mthetic route to polyarylethersulfones

triggered the removal of Astrel* fto* the market n 1976. Equation 1.8 below

illustrates two different electrophilic approaches utilized toward the synthesis of

polyaryl ethersulfones.

tf.l@"otf
AstrelrM
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Equation 1.8: Two commonlyused electrophilic synthetic routes to polyarylether
sulfones

The limitations of the electrophilic synthetic methods were severe enough to induce

a search for improved methods that were eventually to launch polyarylethersulfones

onto the commercial stage.12

The search led researchers to nucleophilic synthetic methods. Nucleophilic

synthetic methods rely on the arene behaving as an electrophile as opposed to a

nucleophile. This alternate reactivity of arenes can be exploited by strategically

placing electron-withdrawing groups (EWG) on the arene. Some typical electron-

withdrawing substituents include NO2, CN, SO2Ar, SOzR, COAr, and COR.r8 The

most important mechanism for nucleophilic aromatic substitution consists of two

steps illustrated in equation 1.9. The mechanism is called nucleophilic aromatic

substitution (SuAr) and for our pulposes the activation by the sulfonyl EWG is

shown. The equation illustrates the two steps of the mechanism. ln the first step the

nucleophile attacks the arene ipso to the chlorine (X = Cl) and para to the sulfonyl

EWG. The incipient negative charge is stabilized by two mechanisms: inductive

withdrawal and resonance stabilization by the sulfonyl group.ro The maximum

Two Monomer

o
o{Q!;-cr

o

One Monomer

#þ"J@"oËl
+ 2HCl

t2



stabilization of the Meisenheimer intennediate is rcalized when the EV/G is placed

in ortho oÍ para positions.ls The sulfonyl moiety, for exarnple, activates halogen

displacement by stabilizing this intermediate Meisenheimer adduct because the rate-

contolling step in the SNAI mechanism is its fomration.2O

Meisenheimer Gomplex

Equation 1.9: Reaction mechanism for the sulfonyl activated halogen displacement

Slow

k1

k1

Fast

Nu k2

x icz

The final step is the speedy removal of the leaving group (LG). The leaving ability

of the halides follows the order F >> Cl > Br ) I and the relative activating ability

of the EWG follows the order shown in figure 1.4.

Meisenheimer Complex

,/rO

-¡/ \o

Figure 1.4: Relative activating ability of EWGs

The ability of the sulfonyl group to activate a halogen on one phenylene ring can be

modified by substituents attached to the other phenylene tittg.tt Oxygen is superior

to chlorine in eiectron donating ability, and the substitution of a chlorine atom by an

13
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oxygen atom reduces the reactivity of the second chiorine atom on the distal

phenylene ring. This extra electron density is transferred through the sulfonyl

moiety to the other phenylene ring where it causes a decrease in the reactivity of that

chlorine atom.l2 The exploitation of this differential reactivity of arenes was

eventually to propel the polyarylethersulfones onto the commercial stage.

Ground-breaking work was done by Farnham and Johnson at the Bound

Brook Laboratories of the Union Carbide Corporation.l2 Equation 1.10 illustrates

the synthesis of the fust commercially successful high molecular weight

polyarylethersulfone, known as Polysulfone, formed from Bisphenol A and 4,4'-

dichlorodiphenylsulfone.

.,-Gå-G"
4,4'-dichlorodiphenyl sulfone

l-- o-í+s

Equation 1.10: Polysulfone developed by Johnson et al.

-@"+
Polysulfone

HO-GË;@
BisphenolA

DMSO + NaOH

OH

2NaCl

l4



This initial development spawned a plethora of researchers investigating the

utilization of nucleophilic aromatic substitution for the synthesis of

polyarylethersulfones.2l It became the method of choice.'2 A critical aspect that led

the nucleophilic aromatic substitution revolution was the commercialization of the

dipolar aprotic solvent dimethylsulfoxide (DMSO).'' The initial process chemishy

developed, "caustic process", utilized an alkali-metal hydroxide, followed by

dehydration of the reaction mixture, and polyrnerization in DMSo.i2 The

commercialization of Polysulfone (equation 1.10) in 1965 was due to its high glass

transition temperature (TJ, excellent impact strength, excellent thermal stability, and

exceptional hydrolytic stability. I 2

Two key considerations that must be addressed for successful nucleophilic

aromatic substitution polymerizations of bisphenols are the nucleophilicity and the

thennal stability of the bisphenate anions.12'22 Electron donating substituent s para fo

the phenate anion increase nucleophilicity, whereas electron-withdrawing groups

decrease nucleophilicity (figure 1.5).12 Increasing nucleophilicity translates directly

into higher reaction rates.

orr /-\
-f-\ /fo'K.

o
Bisphenol S

cH" 
--ç<>o.K*

cHe -Bisphenol A

Figure 1.5: The acidity of Bisphenol S is greater than Bisphenol A due to resonance
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Bisphenol S is one of the least reactive bisphenols and as such it requires higher

reaction temperatures (and so the need for higher boiling point solvents) and

times.1230'23 Equation 1.11 reveals the thennal limits by illustrating the cleavage of

the aþlidene connecting group at a temperature above 165 oC. This side reaction

upsets polymerization stoichiometry and as such restricts the attainable molecular

weight.

Eto)
cH¡ -

Equation 1.11: Decomposition of Bisphenol A above 165 oC

BisphenolA

Another process developed and widely used today is the carbonate process.

In this process alkali-metal carbonates are used in the synthesis of

polyarylethersulfones, thus, reducing the need to carefully monitor base

stoichiometry.za-ze A mechanism for the process appears in equation 1.12.

o*".---.*
CHr
il-
c

I

CH¡

+ @o*"
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o
Bisphenol S

o

'o<O>ä{OFo-o

å

"'<ots$<oF",o

+ K2CO3

2KHCO3.-K2CO3+HzO+CO2

..."............*HO

Equation 1.12: Mechanism of the "carbonate process"

The first step involves the formation of potassium monophenate and potassium

bicarbonate.12 This monosalt then reacts with the dihalosulfone cornpound to initiate

the chain growth.12 The potassium bicarbonate then disproportionates to potassium

carbonate producing water and carbon dioxide.l2 A typical example illustrating the

preparation of Polysulfone from bisphenol A and 4,4'-dichlorodiphenylsulfone by

the carbonate process is shown in equation L.13.

@o^ + KHcos

t7
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^,.o.j?lff"Î"

Equation 1.13: Formation of Polysulfone via carbonate process

F1(Õ>
cHs -

Polysulfone

+ zKCl + COz + HzO

In a typical carbonate / DMAo process the reaction is conducted at 135 oC and is

maintained at this temperature until most of the toluene has been removed along

with the water. At this time the temperature is raised to 155 oC and held there for

10-12 hours, at which point the reaction is assumed to be complete.l2'2e It is

essential to maintain a water free environment during the polymerization process

because any water present may be converted to a metal hydroxide that will cause

irreversible halogen displacement and upset the polymenzatíon stoichiometry.t2'zo

Even once the polymer is formed it is essential to keep the water out because the

sulfonyl EWG "weakens" the ether linkages which can be cleaved by the hydroxide

ion.l2 Water must be eliminated, usually through azeotropic distillation. Oxygen

must also be eliminated because phenoxide species rapidly react with oxygen

leading to discolored polymers and low molecular weight materials.l2'2o Synthetic

methods, to get around this problem, have been developed.

18
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The "silyl method" developed by Kricheldorf and coworkers is one such

method that eliminates the dehydration problem.t2 ln this method one polymerizes

siiylated diphenol dèrivatives with activated aromatic dihalides.t2'30 First, a

bisphenol

chlorotrimethylsilane/triethylamine and purified by distillation.r2 The bis-(O-

trimethylsilylated) bisphenol and. 4,4'-difluorodiphenyl sulfone are polymerized in

bulk or solution using a catalytic amount of cesium fluoride.l2 The polymerization

proceeds through fluoride attack of the O-trimethylsityl group to generate a

phenoxide anion which can start polymerization as shown in equation 1J4.12

is silylated using

rr..lrso@osi(cH3)3 +

hexamethyldisiiazane or

Equation 1.14: Preparation ofpolyarylethersulfones via the "silyl method"

Limitations of this method are the requirements of high temperatures, naetal

salt purification and expensive difluoride monomers. The main advantage is the

elimination of water, which would cause unwanted side reactions. Recently, Hay et

al. has demonstrated that carbamate-masked diphenols can also be utilized in

nucleophilic arornatic substitution polymerization reactions.3l He has shown that

GsF

Sulfolane

t9



these masked diphenols give rise to high molecular weight polyarylethersulfones in

a short period of time.3l There are additional methods, other than electrophilic and

nucleophilic synthetic methods, that are attractive altematives to the synthesis of

polyarylethersulfones. I 2

Ullman conducted research on the synthesis of aryl ethers and the coupling

of haloaromatics to form aryl-aryl bonds that laid the basis for several of the modern

methods of polyarylethersuifone synthesis. The recent advances in organometallic

chemistry have allowed for the coupiing of halogen-containing aromatics to produce

high molecular weight polyarylethersulfones.t2 Nickel and palladium are the metals

of choice for this coupling.'t Th. Ullman process is a valuable route for non-

activated halo aromatic compounds, but has not been widely used for the preparation

of polyarylethersulfones.r2 The development of the Scholl reaction is limited in

scope 
,because 

of stringent structural requirements placed on the monomers, but it

has been successfully utilized for the preparation of some polyarylethersulfones as

shown in equation 1.15.12
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Equation 1.15: The preparation of polyarylethersulfones via the Scholl method

The main limitation of this method is that in order to achieve a reasonable molecular

weight the monomer must contain naphthoxy groups.t'

One of the newer methods shown in equation 1.16 for the preparation of

polyarylethersulfones is the nickel (0) coupling of aryl dihalides.12

lonirac

I )å,.? 
,"on"nyrphosphine, Zn

t

l@"oË-G"_o+
Radel Rm

Equation 1.16: The preparation of polyarylethersulfones via nickel coupling

The commercial pollaner Radel RrM prepared by this method can also be achieved

by a nucleophilic synthetic method. It is important in this system that the monomer

21



and resulting polymer are soluble in the reaction medium and that any functional

groups present in the monomer be inert toward the ztnclnickel catalyst.l2

Recently, there have been reports of ring opening polymerization of several

sulfone containing macrocyclic oligomers.t2'32-3s The first report of a macrocyclic

aromatic ether ring opening polymerization was in 1989.36 Major advantages to ring

opening methods include low initial viscosities compared to high molecular weight

polymers, the abiiify to polymerue n the bulk which negates the need for salts and

solvents, and the absence of by-products. The monomers are, however, quite

laborious to synthesize so that commercial development has been slow.36 Two

monomers that have been synthesized and polymenzedare shown in figure 1.6.

Macrocyclic sulfone monomers

o

Figure L.6: Macrocyclic sulfone monomers utilized in ring-opening polyrrerization

o

The above spiroindane monomer (a) was polymerized in the melt at 380oC and

within fifteen minutes gave apolyrner with a molecular weight of g0,000 glmol.t2

The impression may have been given that polyarylethersulfones are the only

class of polyaryiethers, but there are others which include poly(ether ketones),

o
il

(a) (b)
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poly(ether imides), and poly(phenylene etherc).3742 Figure 1.7 illustrates the

structure of some of these materials.

+"-o+"
Poly(phenylene oxide)

Figure 1.7: Additional members from the polyarylether family

l"o"@E-o+"

The high thermal stability of polyarylethersulfones make them ideal

candidates as materials for semi-penneable membranes for liquid and gas

.. 41,_a<separations.-'-' The reason is that best separations are achieved at high

temperafures. t'oo It was mentioned ea¡lier under electrophilic synthetic methods

that the polyarylethersulfones are still reactive and can undergo substitution. This

has led chemists to exploit this reactivity by introducing functional groups onto these

polymers producing changes in membrane performance, which has extended the

application of these materials.a6 The major chemical modifications that have been

applied to these materials include sulfonation, halomethylation, lithiation, and

bromination.a6 The incorporation of azide groups, on route to amines, has been

utilized with some success as an alternative to the introduction of niho groups and

their subsequent reduction.as Azides are readily converted to amines and as such

give higher levels of amination and impart novel properties to the membrane s.as,o' A

bromination-metalation scheme has been used to prepare lithiated polysulfones that

may be reacted with a variety of electrophiles to generate carboxyi and hydroxyl

23

Poly(ether ether ketone) PEEK



frrnctionalized polyarylethersulfones.a3 In the above discussion, the talk centered

around modifying polymers and as such most work has focused on this post-

functionali zation route to functionalized polyarylethersulfones.

Sulfonated polyarylethersulfones are an important class of materials utilized

in all sorts of membranes. The route to these materials is through a sulfonation route

in which a proton is replaced with a sodium-sulfonate group and follows an

electrophilic aromatic substitution pathway. Polyarylethersuifones can often be

sulfonated with a sulfonation degree of 1.0 sodium-sulfonate units per polymer

repeat unit.a8 It is difficult to achieve a larger degree of sulfonation due to solubility

problems and inter-polymer cross-linking.ot A route that does not entail post-

sulfonylation reactions is the pre-sulfonation of monomers before their

polymerization.s2

Applications of these materials include reverse osmosis hollow flrbers and

proton exchange membranes for fuel cell technology.on'to These materials are good

candidates for reverse osmosis hollow fibers because upon sulfonation the

membranes increase their water absorption while decreasing their gas permeability.

As for fuel cell technology, high power density is required and today the current

state of the art is a sulfonated fluoro-copol¡rmer produced by Dupont under the

tradename NafionrM. A search for new materials is ongoing due to water loss and

concomitant reduction in conductivity that this product faces at high temperatures.

Conductivities in the order of 10-2 S cm-l are essential for polymeric electrolyte fuel

cells.as

As the membrane hansfers protons from the anode to the cathode it must

perforrn an assortment of other tasks such as preventing a significant diffusion of
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fuel and oxidizer; the ability to fme tune polyarylethersulfone membranes is vital for

achieving a precise balance that will allow for optimal membrane perfomrance.so-s2

Membrane gas separation is becoming increasingly important and comprises

numerous applications which include: stripping CO2 from natural gas streams,

producing high-purity nitrogen and oxygen from air, separating hydrogen frorn

refinery process streamss3, preparing vitamins in the phannaceutical industry ,'o H,

and Nz for ammonia production, water and air dehumidification, Hz and CO for

synthesis gas adjustment, olefin from paraffins,ss alcohol from water, Coz and flue

Eãs,56'57 extracting potable water from sea waterss and preparing molecularly

imprinted materials for separating chiral compounds.se As a result, a significant

amount of resea¡ch has been conducted in the past decade to study structure and

permeability characteristics of polymers for gas separation.60,6l The major

physicochemical factors that control gas permeability and permselectivity of

polymers are of three types: the mobility of polymer chains as revealed in many

cases by the glass transition temperature (Te) of the polymer, the intersegmental

spacing which is taken as a measure of the mean free volume of polymer, and the

gas- or liquid- polymer interactions which is revealed by the solubility of the gas oI

liquid in the polyrner mat¡ix.62 To achieve both a higher permeability and selectivity

the stiffrress of the polymer chain should be coupled with an increase in inter-chain

separation. An approach to accomplishing this is to introduce bulþ side groups.ó2

There are an endless array of modifications which can be accomplished, and

consequently a rich field of research is available to the polymer chemist.
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1.2 An organoiron Methodology in Monomer and Polymer synthesis

The importance of the aromatic ether linkage has provided an impetus for

researchers to find and develop new methods for its formation.63 Traditional

methods of generating aryl ether linkages, such as the Ullnan ether synthesis and

nucleophilic aromatic substitution reactions, have their drawbacks. Nucleophilic

aromatic substitution of whotly organic arenes has seen only limited application in

organic synthesis because of the requirement of strong electron-withdrawing gïoups.

These EWGs are often auxiliary in nature and are not wanted in the final product

and as such necessitate further synthetic steps for their removal. The conditions for

removal are often harsh causing an overall reduction in product yield. The

limitations of traditional SNAr routes have given researchers drive to look for

different strategies to a¡ene activation.

In 1959, Nichols. and Whiting discovered that tricarbonylchromium

complexed to arenes give arenes an electrophilic character. This initial discovery of

the electrophilicity of arenetricarbonylchromium complexes by Nichols and Whiting

has led to metal-assisted nucleophilic aromatic substitution becoming an efficient

route to the synthesis of materials containing aryl ether bonds. Most of the literature

has focused on the tricarbonylchromium moiety in the activation of arenes, but this

is not the only moiety found to activate arenes. Nesmeyanov, Astruc, Sutherland,

and Pearson have shown that the cyclopentadienyliron moiety is also capable of

similar activation.6a-67 Advantages include its ease of complexation using

inexpensive, coûlmercially available starting materials. This has led to arene-iron

complexes being utilized in the synthesis of heterocycles, macrocycles, monomers,

polymers and general fi.nctional ization of aromatic mo lecuies. 64,6s'67
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The complexation of a transition metal

electronic cha¡acter. The previously electron

poor and as such this'complexation bestows a

arene. Consider figure 1.8 below.

Metallatiofl + H

Nucleophile addition

to an aromatic nucleus changes its

rich nucleus now becomes electron

number of useful properties to the

/c*z 
+ :i?iiffi3Hïlo"nzvric

-Õ-* 
carbocations

)î \ *r"teophitic disptacement
MLn

I

Figure 1.8: A number of novel properties bestowed on an arene as a result of
complexation to a transition metal

Complexation allows for facile removal of the arene protons giving metallated

products, stabilization of nucleophilic addition adducts, and for oru purposes facile

displacement of leaving groups via S¡Ar reactions. Additionally, the arene-iron

complexes are robust enough to allow for the oxidation of methyl substituents to

carboxylic acids. The above flrgure is a general reactivity pattern of metal-arene

complexes. The reaction of central import to construction of the aryl ether linkage is

the displacement of halides from the aromatic nucleus.

This activation can take place with the use of tricarbonylchromium,

tricarbonylmanganese 2 cvclopentadienylruthenium,

pentamethylcyciopentadienylruthenium, and cyclopentadienyliron moieties.s5

Reactions at M and L
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Studies have shown that the activating abilify of the various metal moieties displays

the following order: (co)3cr << cpRu*- cpFe* < (colMn*.72 These studies have

indicated that the chlorine atom of the chlorobenzene cyclopentadienyliron complex

has a mobilify comparable to that of 2,4-dinttrochlorobenzene.55'68-tt Th. focus will

be on the activating ability of the CpFe* moiety, as it is central to this work.

The frst synthesis of an arene coordinated to the cyclopentadienyliron

moiety was reported in 1957 by Coffield as shown in equation 1.17.

o
I

Fe(Co)2Cl

HsQ

Equation 1.17: The first example of an qs-cyclopentadienyliron arene complexation

HsC

The reaction was of limited utility because it lacked generality and could not

accommodate a wide variety of arenes.55 In 1963, the work of Nesmeyanov

provided this much sought after generality.Tz His approach to the complexation of

the cyclopentadienyliron moiety involved the use of ferrocene, and a Lewis acid

shown in equation 1.18.5s

cHs

Atcl3

Hsc,

ø
HsC I+

FE

ó

cHg
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Equation 1.18: Nesmeyanov's synthesis of a cp coordinated arene

This so-called ligand exchange reaction has subsequently given researchers the

ability to synthesize hrurdreds of different complexes including alkyl benzenes,

arylbenzenes, halobenzenes, benzylamides, polycyclic compounds, ard

heterocycles.s5

Nesmeyanov extended his initial discovery and investigated the first S¡Ar

reaction of a chlorobenzene cyclopentadienyliron compiex in 1967.ss Following the

lead of Nesmeyanov, other researchers extended this methodology to include a

variety of carbon-, oxygen-, sulfur-, and nitrogen-containing nucleophiles.T3 As it

directly relates to the fonnation of aryl ether groups, our work focuses on oxygen-

and sulfur-containing nucleophiles. These nucleophiles allow for the generation of

the all-important aryl ether bond in engineering thermoplastics such as

polyarylethersuifones. The cyclopentadienyliron-mediated nucleophilic aromatic

substitution represents an improved methodology in the formation of aryl ether

bonds over traditional methods such as the ullman ether synthesis.5s'74

<bfrI
Fe'

ö
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The cyclopentadienyliron moiety acts as an auxiliary agent in faciiitating aryl

ether formation and eventually has to be removed. In such a strategy it is hoped that

the decomplexation of the metal moiety is just as facile as its introduction. The

arene should by liberated from the metallic moiety easily, and in high yield.

Additionally, the arene should be robust enough to be isolated in its own right.

Methods have been developed to carry out this decomplexation easily and in high

yield.ss Three such methods include pyrolysis, photolysis, and electrolysis. In

pyrolysis the arene must be themrally robust in order to survive the high

temperatures utilized (ca. 200'C). Pyrolyses are often conducted in a high-boiling

solvent, like DMSO, or under vacuum in a pyrolytic sublimator.ss In photolytic

methods the arene does not need to be heat-stable, and may contain functional

groups sensitive to reduction.ss Photolytic demetallation often gives superior yields,

and the liberated arene can easily be purified through extraction or column

chromatography. Due to solubility and isolation requirements acetonitrile is

commonly used as the solvent. Equation 1.19 illustrates a ring slippage mechanism

proposed by Schuster.s5 The complex is frst excited to a triplet state, which opens

up a coordination site as the ring slips from rlu to rì0. Subsequent coordination by

acetonitrile leads to an acetonitrile adduct, which decomposes to form ferrocene and

various iron salts.
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Equation L.19: Mechanism of arene liberation from the cyclopentadienyliron
moiety

J,"","*
[CpFe(NCCHe)s]*X-
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The cyclopentadienyliron-mediated synthesis of the aryl ether bond has been

extended to the synthesis of bi- and polymetallic species.ss By applyrng a stepwise

approach to the synthesis, polyrnetallic aryl ether species can be achieved.

Equation 1.20 illustrates the synthesis of bimetallic species. Starting from variously

substituted chloroarenes and bisphenols reacted in the presence of a weak base

(Kzcos), the bimetallic species may be obtaineJ in rrigh yields wirh ether or

thioether bridges.Ts-78

t",
l".rro

0
H_X_H

-

base

R = H, CH3, Cl

-@-

I".rr.-

ö

Equation 1.20: Examples of homobimetallic complexes prepared via S¡Ar reactions

*-ø*

l".r-u

ö

Starting f¡om the 116-dichlorobenzene-r¡s-cyclopentadienyliron complex the

monometallic or bimetallic species can be prepared depending on the ratio of

chloroarene to nucleophile.

{= o@o

The synthesis of polymetaliic species such as poly(phenylene sulfide)

polyþhenylene oxide) were reported by Dembek utilizing

o(cH2)no

s(cH2)ns

and

the
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pentamethylcyclopentadienylruthenium moiety. They were able to prepare these

organometallic polymeric derivatives under extremely mild conditions (ca. 60 oC for

1-2 hours), whereas traditional methods require extremely high temperatures and

pressures.tn'to This workhas been extended by Abd-El-Azn et al. who have been

able to prepare macromolecular species utilizing both stepwise and faditional batch

approaches . IJtilizngthe stepwise approach Abd-El-Az iz et al.has been successful

in preparing materials with as many as 35 pendant metals. This approach is

important because it allows for a conholled synthesis of monodisperse oligomeric

aromatic ethers.sl The cyclopentadienyliron moiety may be cleaved through

photolytic demetallation allowing for the isolation of polyarylethers. lxbd-El-Aziz et

al- have shown the possibility of synthesizing these materials in one step utilizing a

step-growth polymerization method. This method, as shown in equation 1.21,

produces polydispers e polyarylethers. 5s

@",
J".pr;

ó

H_X_H

Equation l.2l: Preparation of organometallic polymers via s¡Ar reactions

N= o@o
,€I_,€ts,
s(cHrns n = 2,4,6,8

["o o
cHs -
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The goal of this resea¡ch was to better prepare industrially important

polyarylethers such as polyþhenylene sulfide). Polyþhenylene sulfide) is widety

used but is inherently insoluble which is of course important for its applications, but

limits its processability. It has been shown that the incorporation of an

organometallic moiety results in an increase in the solubiliry of polymeric material.Te

Polyarylethers in general have excellent thermal and mechanical properties and

therefore the S¡Ar methods for their preparation are a great addition to the synthetic

repertoire. Metal-assisted nucleophilic aromatic substitution allows for a more

efficient method for the preparation of monomeric and polymeric aryl ethers.

1.3 Monomer and Polymer Characterization Techniques

1.3.1 SpectroscopicAnalysis

SpectroscoPy is the study of the interaction of electromagnetic radiation

(EMR) with matter.83'80 EMR spans a wide range of energies and as such allows the

chemist to extract diverse structural information as it probes the sample. As the

EMR interacts with the sample it is either absorbed or fransmitted.s3,sa Nuclear

magnetic resonance [NMR) spectrometry and infra¡ed spectrometry (IR) are the

most common spectroscopic techniques available to the chemist for obtaining

structural information. 83

The bombardment of a sample with IR EMR results in a very complex

spectrum that, in principle, can be compared with the spectrum of the known

compound to conf,rrm the structure. A synthetic chemist is normally preparing
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compounds that are unprecedented hence this is not often applicable. Instead, the

principle that certain bonds within a given moiecule produce unique and relatively

constant absorption bands independent of the molecule is used to detennine the

absence or presence of these groups. Any given molecule at a given temperature is

undergoing a number of simultaneous vibrations. These continuously vibrating

bonds are undergoing stretching and bending vibrations. These stretches and bends

produce an alternating electric field that is alternating at the same ûequency as the

stretch or bend. If this alternating electric field is matched up with the appropriately

alternating electric field of EMR (i.e. frequency) then the alternating electric field of

a bond can couple with the alternating electric field of the EMR and transfer this

EMR energy so as to put the molecule in a higher vibrational state (i.e. cause an

absorption). This coupling can occur only if the stretches or bends are such as to

produce an alternating dipole moment (i.e. polar bond). If this occurs the stretch or

bend is said to be IR active. This results in numerous absorption bands, which are

often plotted for convenience as a function of wavenumber (1/ì,) for all the

vibrational motions of the molecule giving an IR spectrum representative of that

molecule. The reason different firnctional groups produce distinctive absorption

bands is because each bond vibrates at its own characteristic frequency depending on

mass and force constant, and hence requires different frequencies or energies to

make a transition to the next available energy level or vibrational state.83,e

NMR spectrometry takes advantage of the intrinsic property of "spin,' for

certain nuclei that the proton and l3C possess. These two nuclei have a spin

quantum number I = /2. This means that when these nuclei are exposed to a

magnetic field the nucleus can take up one of two spin states with differing energies.
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A sample containing these nuclei will distribute between the two energy or .,spin,,

states such that a slight excess of spins will dominate the lower energy spin state.

The lower energy and higher energy spin states are conventionally designated -1l2

and+l/2, respectively, as illustrated in fïgure 1.9.

Energy

Figure L-9: Energy splitting of nucleus in a magnetic field with field strength
increasing from left to right

With this equilibrium of states set up, upon irradiation with the appropriate EMR, a

transition between the states will take place. The energy is such that it is found in

the radio-frequency region of the EMR spectrum. This energy separation increases

with increasing magnetic field strength. The magnetic field strength a¡ound

localized areas in a molecule vary depending on the local environment (i.e. differing

electron distributions), therefore the protons occupying these differing environments

will require differing energy for the transition. This results in a series of absorption

peaks corresponding to distinct protons. The so-called induced magnetic field in

differing local environments occurs because the applied external magnetic field

causes electrons in bonds to circulate and as such this circulation introduces further

magnetic fields that can oppose or reinforce this extemal magnetic field. As a first

approximation, the greater the elecüon density surrounding a nucleus the greater the
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local magnetic field set up by the circulating elechons which can oppose the external

magnetic field- This local magnetic field that opposes the external magnetic flreld is

said to "shield" the nucleus. This shielding effectively results in a smaller field

experienced by the nucleus, consequently leading to a smaller energy separation.

This smaller energy separation or lower frequency of radiation required to bring the

nucleus into resonance occurs in what is called the upfield region. The larger energy

separation or higher frequency region is called the downfield region. ln order to

rnake sense of the positions of peaks relative to each other they are often referenced

to a standard compound. The difFerence in the absorption position of a particular

nucleus from the absorption position of a reference nucleus is called the chemical

shift, and is recorded in parts-per-million (ppm). A common reference compound

utilized for organic compounds is tetramethylsilane (TMS) because it usually

absorbs upfield to all other protons and can conveniently be set at 0.0 ppm.

1.3.2 Molecular Weight Determination

The determination of molecular weight is important because of the direct

relationship it has to a polymer's physical properties.6-8 Generally, substances are

classified as polymeric if they have molecular weights from the low thousands up to

the millions. Ultimately whether a substance is classified as polymeric is somewhat

arbitrary with optimum molecular weights depending on chemical structure and

application.6-8 It is more complex to determine the molecular weight of polymeric

materials for two reasons: the rnechanism of polymerization is such that it is

virrually impossible for all chains to stop at the same size which necessitates the use

of some sort of average value and secondly, the techniques for detemrining
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molecular weights of polymeric materials are much more sophisticated than the.

techniques utilized for low molecular weight compounds.

, The molecular'weight determination of polymer samples can be grouped into

absolute and secondary methods.6-8 Absolute methods include osmometry, light

scattering, and ultracentrifugation, and secondary methods include viscometry and

gel permeation chromatography. The secondary methods give relative

measurements by comparison of the molecular weights of different polymers,

obliging the use of some sort of calibration using standards that have been studied by

an absolute method.

There are a number of different values that can be extracted from molecular

size data and as a result the molecular weight that one obtains for a polymer sample

wholly depends on the method of measurement. Methods that measure the number

of end groups or colligative properties, like freezing-point d.epression, boiling-point

elevation and osmotic pressure, give rise to what is called the number-average

molecular weight, l,t, as shown in equation r.22. Ni is the number of species i, and

Mi is the molecuiar weight of species i. The number-average molecular weight is so

named because by these methods the number of molecules of each weight in the

sample is counted.T

Equation 1.22: Relation for determining number-average molecular weight (Mn)

\ N,M,tr 
-.L¿u"-jN,
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Methods such as light scattering and ultracenhifugation determine the molecular

weight based on mass or polarizability of the species. lnstead of summing the mole

fraction of each species and multiplying it by its molecular weight, these methods

sum the weíght fraction of each species and multiply it by its molecular weight. The

value obtained is called the weight-overage molecular weight, ¡u1,, as illustrated in

equation 1.23. Wi is the weight of species i.

Equation 1.23: Relation for deterrnining weight-average molecular weight (M*)

In a molecular weight determination, M * is always found to be greater than or equal

to ll't,,. The reason for this is because in the measurement of colligative properties

each molecule contributes equally regardless of weight, while other methods such as

light scattering result in larger molecules scattering light more effectively.8,2s,26

When all the molecules are of the same weight it can be seen that ltl,, - À,t^. The

ratio of ¡,t ', t U ^ gives an indication of the span of molecular weights in a polymer

sample. This ratio is called the polydíspersity index and is a number greater than or

equal to unity. If all polymer molecules have the same molecular weight, then the

system is said tobe monodisperse.6

Gel permeation chromatography (GPC) is a convenient secondary method

for detennining the molecular weights of polymer samples.6-8 Gpc, also known as

^t _lw,t,t, _ZN,M,','t'\v-2frr, -zNÃ,r,
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size exclusion chromatography, is a process that separates macromolecules

according to their size. Let us look at how this occurs by imagining a diiute solution

containing many polymers of varying size and allow it to pass through a colurnn

containing a porous stationary phase. The stationary phase in GPC is often made up

of cross-linked divinylbenzene particles. The particles may contain pores of varying

or constant size. As the dissolved polymers approach these porous stationary phase

particles one of two things can happen: the polymer may enter or be excluded from

the pore (figure 1.10). The molecules with dimensions smaller than those of the

pore are uninhibited and can penetrate the entire pore space.t It is imperative to the

size-exclusion method that there be no stationary phase and polymer interactions.

Polymers that are larger than the pore dimensions will be excluded from entering the

pores and thus from being able to take the long and twisted journey. Accordingly,

the smaller molecules will be delayed in their elution through the column, while the

larger polymer molecules will be swiftly brushed along with the solvent front.

.:o
/-l:

W:%.
--+

Figure 1.1.0: Inclusion and Exclusion of polyrners moving through columr
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The particles making up the stationary phase thus fractionate the polymers according

to size- A single pore-size column will separate the pollnlrers with dimensions

greater than the pore' size of the colum¡ from the rest, and will fractionate the

smaller polymers according to their penetrating ability. The fractionation process

can be improved by utilizing several different colurrns with different average pore

sizes connected in series. Thus gel permeation chromatography gives polymer

chemists a method for generating a molecular weight profile for their polymer

samples by fractionating them according to their size.

The molecular weight acquired by the chemist is only reliable in so far as

the calibration system and equipment are specified. Utilizing this method depends

on being able to ensure that the elution time along the column is reproducible for

two different specimens of the same polyrner. It is essential that the solvent flow

rate all the way through the column remain constant, and the size of the tunnels

within the stationary particles do not change between experiments. Figure 1.11 is a

schematic illustration of a GPC instrument.T

Figure 1.1I: Schematic illustrating rypical GpC equipment
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In the above figure, a pump is used to force the sample and the elution

solvent through stainless steel colunurs filled with cross-linked polystyrene at

pressures of 1000 to 4000 psi. As the polymers exit the column they enter the

detector, which may be a differential refractive index- or ultraviolet-detector,

resulting in a signal.

1.3.3 Thermal Analysis

The commonly studied thermal properties of pol¡rmers include the crystalline

melting point (Tr), the glass transition temperafure (Te), and the thermal stability.6'7

The crystalline melting point and the glass transition temperature are concerned with

morphological changes taking place in a polymer sample. Figure 1.12 illustrates the

amorphous and crystalline domains that may exist in a polym.er.6'7 The transition

from a glassy state to a rubbery state is characterized by a transition temperature

over which the transition takes place. The glassy state is characterized by the

"immobility'' of the long chain molecules during the lifetime of the experimental

determination of the glass transition temperature.6-8 In other words, when you apply

a force to a piece of plastic (over a period of seconds) the material feels hard because

the time domain of your force application did not allow enough time for

conformational adjustrnents to take place in the polymer chains. If you were to

apply the force to the plastic exceedingly slow or were to raise the temperature of

the polymer then there may be an adequate amount of time for the conformational

adjustments to take place and for the plastic to fiow. The glassy state is

chatactenzed by a temperature that allows the necessary time required for the
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confomational changes to take place during the lifetime of the experiment.3 ìVhen

the temperature of the polyrrer exceeds its T, the polymer is in a rubber state. In

this state the polyrner is able to assume all the available conformations, while in the

glassy state it camot, and thus the material is rigid and brittle, instead of flexible and

tough. The brittleness exists because the energy imparted by the extemal force

could not be dissipated through conformational changes. As a result the difference

between the glassy and rubbery states is not a fundamental one. The structure and

molecular arrangement are the same in both states (i.e. statistical conformation). It

is the time scale of the segmental motions and the response to an external stress that

results in the two states. The transition from a ntbber to a glass is reversible and in

addition to the changes in mechanical properties noted eariier, other properties

change as well, such as thermal expansion coefficient, compressibility, and specific

heat. Monitoring the change in one of these properties as a function of temperature

allows for an estimation of the glass transition temperature and will depend on

which property is being monitored.

Figure l.l2: Diagrammatic representation of polymer domains
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Glass transition temperatures can be detected by following changes in the

heat capacity of the polymer sample as a function of temperature utilizing

differential scanning calorimetry (DSC). A generalized schematic of a DSC

instrument is illustrated in figure 1.13.
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Figure 1.13: Diagrammatic representation of DSC sample chamber
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in a DSC experiment the sample and a reference are heated under a nitrogen

atmosphere. The reference is a very small aluminum pan that is empty, and the

sample pan contains from 1 to 10mg of sample. In the DSC the sample

compartment and reference compartment are provided with individual heaters and

are constantly being supplied with the necessary energy to keep the sample and

reference temperatures constant. The electrical power difference between the
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sample and reference (dÂQ/dt) is plotted as a function of temperafure and this value

is related to heat capacity. FÍgure 1.14 illustrates an idealized, DSC for a

hypothetical polyner.
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Figure 1.14: Representation of a DSC thermogram showing phase transitions
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The Tr of the pollmer at A causes an endothermic shift in the initial baseline

because the polymer now has an inc¡eased heat capacity.6 At B, the crystalline

domains produce an exothermic crystallization, followed at C by an endothermic

melting of these crystalline domains (T.). Events at D and E are cross-linking and

v ap onzation, respectively.

The thermal stability of polymeric materials can be studied utilizing

thennogravimetric analysis (TGA). In a TGA experiment a sample is gradually

heated under an inert atmosphere and a continuous measurement of the weight is
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recorded. Figure 1.15 is a themrogra:n illustrating the decomposition of a

polyarylethersulfone. The y-axis contains the weight data and the x-æris contains

the temperature data. Weight loss may arise from the evaporation of residual

moisture or solvent, until at higher temperatures it results from polyrrer

decomposition.

Figure 1.15: TGA curve ofpolysulfone
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2.0

2.1

Synthesis of Monomeric Material for Polyarylethersulfones

Introduction

The synthesis of polymeric materials necessitates the availability of

monomeric units that can be readily polymerized. Consequently the arrival of

bisphenol A onto the commercial scene set the stage for the dawn of high-

performance engineering thermoplastics such as polyarylethersulfones.12

Additionally, nucleophilic aromatic substitution between diphenols and aromatic

dihalides allowed for the preparation of high molecular weight

polyarylethersulfones. Equation 2.1 illustrates the acid catalyzed condensation of

phenol with acetone which leads to bisphenol A. The major producer of bisphenol A

is the Union Carbide Corporation.

z@oH +

o
il

Equation 2.1: Commercial synthesis of Bisphenol A

.zC:r
H* ,/-\-_-_> HO-RSH V

The major impetus for the commercial production of bisphenol A was for use in the

preparation of epoxy resins (Te = 100 "C). It was subsequently utilized in materials

with higher Tg values such as polycarbonates (Te = 150 "C) and finally

polyarylethersulfones (Te = 185 "C). Hence, the production of bisphenol A followed

the rise of glass transition temperatures. One of the purest organic chemicals

CHr 
-Þ<oF"'

cHs -Bisphenol A
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commercially available today is porycarbonate grade bisphenol A.r2 very high

yields of very pure Bisphenol A are obtained on a commercial scale and this has ied

to it being a leading monomer in the synthesis of numerous polymers. The Union

Carbide Corporation took full advantage of this monomer and started research into

the .utilization of bisphenol A for step-growth polymerizations. kritially the

electrophilic reagent that they used was 1,4-dichlorobutane, but subsequently this

monomer was abandoned due to the low molecular weights that were achieved using

it- It was believed that hydrogen chloride elimination, a side reaction, upset the

stoichiometric balance and hence the molecular weight achieved. To test this

hypothesis they tried dichloromethane, which subsequently led to higher molecular

weight polymers. The ultimate impetus for the research though was the generation

of thermally stable materials and for this a new monomer with the necessary

properties was sought after.e The selected monomer vr'as 4,4'-dichlorodiphenyl

sulfone (DCDPS). It did away with the HCI elimination problem and allowed for

the production of the desired thermally stable materials. It was Johnson who would

eventually develop the first reaction that successfully yielded high molecular weight

polyarylethersulfones.e The majority of polyarylethersulfones that have been

synthesized to date have utilized this DCDPS monomer. It is often called the

"workhorse" monomer of the polyarylethersulfone industry.e Equation 2,2

illustrates the chemistry utilized in the commercial synthesis of this monomer, it is

essentially a coupling of ¡¡¡o equivalents of chlorobenzene with sulfi.r trioxide. This

monomer parallels the qualities of bisphenol A and consequently it has been utilized

in the preparation of numerous polyarylethersulfones.
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,@., + so3-*.,+F-Ocr +Hzo
o

DCDPS

E quation 2.2 : c ommercial synthes is of 4,4' -dichl orodiphenylsulfone

The main drawback to the synthesis of DCDPS is that purification is more diffrcult

due to the generation of undesirable isomers. The difluoro-containing monomer is

more costly so on a commercial scale it has not been utilized much, but for reseârch

purposes it can be prepared by chloride displacement in the bulk. The

polyarylethersulfones prepared from DCDPS can have T* values as high as 325oC

and very few of these polym.ers are crystalline.

This monomer can also be functionalized to prepare functionalized

polyarylethersulfones. It has recently been sulfonated to generate the sulfonated

polyaryiethersulfone (figure 2.1). This route offers an altemative to the much used

post-functionalization routes.4e's0

Fi gure 2. 1 : Sulfon ated 4,4' - dichiorodiphenylsulfone
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Most of the work in the polyarylethersulfone field has focused on changes in

the bisphenol component and how it relates to property modifications. This results in

main chain changes with little work done on pendent modifications.",t* pendent

modifications are becoming increasingly important due to the applicability of these

polymeric materials as selective membranes. The importance of modifying

polyarylethersulfones with pendent groups is to allow for improved. transport

properties such that an optimal compromise betwedn permeability and

permselectivity can be achieved.62 ln other words, one would like to simultaneously

increase the permeability and permselectivity of a membrane to various gases such

as N2 and Oz. For example, methyl groups increase gas permeability with small

decreases in permselectivity, while chlorine and bromine atoms result in increased

permselectivities.62

The dearth of research on sulfone containing monomers is astounding. It

leaves an open door for exploration of new materials with novel properties. An

organoiron route as a synthetic method to aryl ether bonds places it in a good

position to explore the possibilities in new monomer design.

2.2 Organoiron Route to Monomeric Material

Nucleophilic aromatic substitution reactions have had limited application in

material design because of the necessity of strong activating groups and harsh

reaction conditions. The discovery of the electrophilicity of tricarbonylchromium

complexes by Nichols and Whiting in 1959 gave the synthetic chemist a new tool

for constructing the aryl ether bond.72 An additional tool was supplied in the form of

the cyclopentadienyliron (CpFe) moiety by Nesmeyanov, Astruc, Sutherlan4 and
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Pearson.55 As it directly pertains to polymer chemistry, the cyclopentadienyliron

moiety has been employed in the synthesis of macrocycles and polymer buitding

blocks.e3 The preparation of novel macrocycles via traditionai organic methods

requires harsh reaction conditions and suffers from low yields. Equatio n 2.3

illustrates the synthesis of a macrocycle containing four aryl ether bonds employing

this methodology.e3

ct

g" * '*@-@*

ó

Equation 2.3: Organoiron route to macrocyclic materials

The first step involves the reaction of two equivalents of m-dichlorobenzene

complex with one equivalent bridging nucleophile. The reaction can be stopped at

the bimetallic stage because the introduction of the ether group decreases the

electrophilicity of the second chlorine atom. Subsequent reaction of the bimet¿llic

complex with a second nucleophile generates the organometallic macrocycle, which

upon photolytic demetallation gives the wholly organic macrocycle.e3
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Monomers containing the aryi ether group are important because it applies to

the construction of engineering thennoplastics. However, traditional methods of

generating aryl ethers are limited to the Ullman ether synthesis, coupling reactions

catalyzed by metal salts, and nucleophiiic aromatic substitution requiring strong

electron activating groups.ss These methods are currently being used to prepare

these compounds and are finding lirnited success due to low yields. In contrast,

cyclopentadienyliron assisted nucleophilic aromatic substitution is a much more

useful method for the preparation of aryl ethers, allowing for the synthesis of novel

monomers for polyrnerization. Pearson and coworkers have used the

cyclopentadienyliron moiety to synthesize unique monomers.55 This was

accomplished in four steps shown in equation 2.4.

ct-@
I-
FE

ö

o
cr * Ho{Q}ë-o-cH.

,*-o>_"€Fo@3-o"

i"_@"_@"_Gt+.

Equation 2.4: Organoiron methodology to novel linear polymers

J 

o"", 0,,,

-@
I".

ô

ct

The fust step involves the selective substitution of a single chlorine atom of a

dichlorobenzene complex by methyl-4-hydroxybenzoate. This type of selective

o
o{Qfë-o-cH.

1. hv

2. KOH "o@o@o@3-o-",.,.
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substitution could not be attempted with traditional methods because of the harsh

reaction conditions. The remaining chlorine is substituted with hydroquinone to

form the organometallic aryl ether. Following photolytic demetallation and

hydrolysis the dissymmetric aryl ether was isolated. The polyester was formed. upon

sub s equent p o lyrrerization.

The ring-opening metathesis polyrnerization (ROMP) of norbomene and its

derivatives is receiving increased attention.ss This ROMP reaction in the presence of

transition metai-based catalysts has been industrially significant since 1976.

Polynorbornene has an inherently low glass transition temperature that has limited

its applications. lntroducing rigid structures such as aryl ethers into the

polynorbomene increases its Ts and thermal stability and consequently its

applications. The functionalization of polynorbomene with aryl ethers utilizing an

organoiron methodology is shown in equation 2.5.55 Organometallic aryl ethers of

varying chain lengths can be prepared and coupled to a norbornene-containing

cyclopentadienyliron complex which itself was prepared through the oxidation of a

cyclopentadienyliron chlorotoluene complex followed by esterification. Following

photolytic demetallation the isolated functionalized norbomene can be polyrnerized

to a high molecular weight utilizing Grubbs' catalyst.
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Equation 2.5: organoiron methodology to monomeric material for RoMp

l-

The Scholl polymerization is a method of creating carbon-carbon bonds and

it can be utilized for coupling aryl ether-containing monomers as a means of

preparing polyarylethers.ss M"tal-assisted nucleophilic aromatic substitution may be

used to create novel monomers for this coupling process, as shown in equation 2.6.
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Equation 2.62 Organoiron methodology to monomeric material for Scholl reaction
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In this methodology dichloroarene cyclopentadienyliron complexes are reacted with

various diphenols to generate bimetallic complexes. These complexes still retain

activated chlorine gloups that can be capped with naphthol to generate the

organometallic monomer. After photolyic demetallation, the Scholl coupling

results in high molecular weight organic polymers.55
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Because of the increasing attention given to polyarylethersulfones interest is

developing towards new synthetic routes for the preparation of monomeric units

employing mild experirnental conditions and relatively inexpensive starting

materiais. The 4,4'-dichlorodiphenyl sulfone is a "workhorse" monomer for the

polyarylethersulfone industry, and it is time to bring in some new sulfone-containing

monomers that can be utilized in the preparation of polyarylethersulfones. It is our

intention to prepare novel sulfone monomers that can be utilized in the construction

of novel polyarylethersulfones.

Many bis(cyclopentadienyliron) complexes of arenes containing sulfirr

linkages have been reported, with the first example being reported n 1967 by

Nesmeyanov and coworkers.Tl

(dichlorobenzene)cyclopentadienyliron complexes with sulfur nucleophiles have led

to the formation of complexed arenes with nvo sulfur linkages.es This organoiron

methodology utilizes mild reaction conditions, and the resulting organoiron

complexes can be isolated in excellent yields. These bimetallic complexes can be

subsequently oxidized to the di-sulfone in excellent yields, and the organic sulfone

can be isolated by photolytic and/or pyrolytic methods.es'e6 I¡r addition to these

aliphatic bimetallic sulfide and sulfone complexes, a series of aromatic

monometallic sulfide and sulfone complexes v/ere prepared and photol¡ically

demetallated and isolated in excellent yields.

Disubstitution reactions of

2.3 Results and Discussion

2.3.1 synthesis of bimetallic sulfide and sulfone comprexes containing
aliphatic spacers
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The starting bimetallic sulfide (3a-d) and sulfone species (aa-d) have been

previously prepared utilizing the cyclopentadienyliron moiety and their structures

fully characterized (scheme 2.11.ts,s0

cr-@
I
Fe-
I

@
1

cr . ,.Hì*
x=1-4

2(a-d)

lilät
lo,i=¿ |

K2CO3
+ cl

DMF/THF -@
I".

ó

Scheme 2.1: Synthesis of novel sulfone-containing monomers with aliphatic spacers
via an organoiron methodology

The rH NMR spectra of the bimetallic sulfide (3b) and bimetallic sulfone complex

(4b), top and middle respectively, aÍe shown in figure 2.2. The introduction of the

sulfone functionality results in a downfield shift of the cyclopentadienyl and

complexed aromatic resonances in the lH Nl,tR spectra when compared to the

corresponding sulfide complex. This is attributed to the strong electron-withdrawing

capabilities of this group.e6 The bottom spectrurn (5b) of figure 2.2 shows the

disappearance of the cyclopentadienyl resonances and a downfield shift of the

previously complexed aromatic protons upon removal of the cyclopentadienyliron

moiety.Ts

^J'^-rLt@"'Þr. J x 
I

l"-

3(a.d) Ó

5(a-d)

lm-ceen

I 
DMF

To

-O)-9,ryJ-@F"'To Å".

hv or
pyrolysis

57



9 8 ? 6 5 4 3 z I ppr

O*u..rr,'"";;;.
complex 4b(middle), and aliphatic sulfone-containing monomer Sb(bottom)

1 Þpt



2.3.2 Synthesis of monometallic sulfide and sulfone complexes containing
aromatic spacers

We have also been interested in the synthesis of sulfide and sulfone

complexes incorporating aromatic spacers to be utilized for the preparation of

wholly aromatic polyarylethersulfones. The initial approach as shown in scheme

2.2 entalled the reaction of two equivalents of dichloroarene complex (l) with one

equivalent of aromatic dithiol (6a-b).

2Ct-@
I".

ó
1

Cl + HS-Ar- Cl

6(a-b)

Scheme 2.2: Orgarroiron route to wholly aromatic sulfide-containing bimetallics

The synthesis is complicated by the high nucleophilicity of the aromatic thiols which

leads to mixtures of monometallic, bimetallic, and polyrneric species. Attempts at

modifying conditions were unsuccessful in producing the desired bimetallic species

in reasonable yield. If the chloroarene complex contained only one reactive chloro

$ouP, such as in the case of a chlorobenzene complex or para-chlorotoluene

complex, the bimetallic species could be isolated in good yield. Of course this

precludes our ability to utiiize these complexes for the synthesis of

a=Ar=-O- b=Ar=-GrO-
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polyarylethersulfones. These unsuccessful attempts prompted us to look for an

alternative organoiron mediated route to wholly aromatic sulfone monomers. The

ne\ / approach to introducing aromatic spacers wouid be to go through a

monomet¿llic species as shown in scheme 2.3.

t
1".

ó
8(a-c)

cr .,. , 
ttÐ-cr Ktcot- cr>t

e(a-c) 
t*¡ "'t'

Scheme 2.3: Organoiron route to wholly aromatic sulfide-containing monometallics

The ortho-, meta-, and para-dichloroarene complexes (8a-c) were reacted

with two equivalents of the 2-, 3-, and 4-chlorobenzenethiols (9a-c) in the presence

of a weak base (ÇCO3) resulting in the isolation of monometallics (10a-h) in yields

rangmg from 70 to 85o/o. The wholly ortho substituted complex is not shown in

scheme 2.3. The resulting monometallic complexes rvìrere charactenzed utilizing lH

NMR and l3c NMR spectroscopy. Figures 2.3-2.s are representative tH NMR

spectra of monometallic sulfide complexes (l0brerh). The cyclopentadienyliron

protons for complexes (l0b,erh) resonate between 5.1 and 5.3 ppm. The complexed

-@'@"'
I".

ó
l0(a-h)

10a Cl = o; 1,2
6 6¡= p; 1,2
c Cl= o; 1,3
d Cl= m; 1,3
e Cl=p; 1,3
f Cl=o;1,4
g Cl = m;1,4
h Cl= pi 1,4

60



ArH resonances of complex 10b appear as two closely spaced multiplets at 6.46

ppm. The asymmetry of complex 10e reveals itself in the sptitting of the complexed

ArH resonances into ihree sets of peaks. A singlet at 6.003 ppm conesponding to

the proton sandwiched between the two thioether bonds, a doubiet at 6.330 ppm

corresponding to the two protons ortho to the two thioether bonds, and a triplet at

6.52I ppmcorresponding to the proton meta tothe two thioether bonds. These last

two sets of protons corresponding to the doublet and triplet respectively have a

coupling constant of 6.25 Hz. The symmetry of complex 10h reveals itself in the

singlet of the complexed ArH resonances. All three complexes (lObre,h) possess

two doublets downfield between 7.40 and 7.80 ppm corresponding to the protons

adjacent to the thioether and chloro 8troup respectively. Figures 2.6-2.g arc

representative attached proton test (APT) t3C NMR spectra of monometallic sulfide

complexes (10b'e,h). The carbon atoms of the complexed cyclopentadienyl ring

resonate downward between 80.59-80.88 ppm for all three complexes. The

complexed fuCH carbon atom resonances of complex 10b appear as two downward

peaks at 86.75 and,87.47 ppm. The complexed AICH carbon atom resonances of

complex 10e appear as three downward peaks at 81.580,83.06, and 86.99,

respectively. The complexed fuCH carbon atom resonances of complex 10h appear

as a downward peak at 85.60 ppm. The uncomplexed aromatic ca¡bon resonances of

all three complexes (l0b,erh) appeff as two downward resonances between 130.88

and 137.60 ppm. The complexed quaternary carbons (CpFe+-ArC) appear at 106.17,

109.56, and 108.43 ppm as upward resonances for complexes (lOb,e,h),

respectively. The uncomplexed quaternary carbons (fuC) appear as fwo upward

resonances between 126.78
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137.29 ppm for all complexes. The complexes were readily soluble in acetone,

consequently the spectra were referenced to the acetone solvent residue at 30 ppm.

The peak at approximately 210 ppm coffesponds to the carbon atom of the carbonyl

group of acetone. The monometallic route allowed for easy isolation of a number of

differently substituted aromatic sulfide-containing monometallic complexes.

A number of the above sulf,rde monometallic complexes (lOe-h) were

oxidized to the corresponding sulfone monometallic complexes as illustrated in

scheme 2.4.

"'Ð-.-@'@''

10e Cl= p; 1,3
f Cl= o; 1,4
g Cl= m; 1,4
¡ 6¡=p; 1,4

,l..
FE

ó
10(e-h)

s ch eme 2 -4 : oxídation to sulfone-containing monometallic s

Sulfide-containing monometallic complexes (10e-h) were oxidized with excess

meta-chloroperoxybenzoic acíd (m-CPBA) resulting in the isolation of sulfone-

containing monometallic complexes (11e-h) in yields of 75 to 85Yo. The resulting

sulfone-containing monometallic complexes were characterized utilizing tH NMR

and r3C NMR. Figure 2.9 is a representative rH NMR spectrum of the sulfone-

containing monometallic 11h. The cyclopentadienyl protons complexed to iron are

shifted downfield from 5.226 ppm in the sulfide-containing species to 5.735 ppm in

the sulfone-containing monomet¿llic. The electron withdrawing ability of the two

m-cPBA- cllz;- o 
-8*''"il"'Þ>Ëre[Bro*i-

1".
I

@
l1(e-h)

11e Cl = p; 1,3
Í Cl=o;1,4
g Cl= m; 1,4
¡ ç¡=p; 1,4
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sulfone groups causes a downfield shift off all the resonances, but produces a

chemicai shift (ô) of greater than 0.500 ppm for the complexed cyclopentadienyl

protons and produces an even gteater chemical shift, 1.00 ppm, for the complexed

aromatic resonances. The complexes were moderately soluble in acetone and were

referenced to the solvent residues at 2.04 ppm. Figure 2.10 is a representative l3C

NMR spectrum utilizing an attached proton test (APT) of the sulfone-containing

monometallic complex 11h. Due to the moderate solubility of the complexes in

acetone, the l3C NMR spectrum was recorded in DMSO and referenced to its solvent

residues at approximately 40.0 ppm. The carbon atoms of the complexed

cyclopentadienyl ring resonate with a downward pointing peak at g0.26 ppm

followed by a downward peak at 86.07 ppm of the complexed aromatic ring. The

complexed quatemary carbon atoms resonate upward at 104.46 ppm. The

uncomplexed aromatic carbon atoms (ArCH), and the uncomplexed aromatic

quaternary carbon atoms (ArC) resonate with two downward and two upward

resonances at 728.93,129.04 and 134.59,139.53, respectively. The oxidation of the

monometallic sulfide-containing complexes allowed for the easy isolation of a

number of novel differently substituted monometallic sulfone-containing complexes.

2.3.3 Isolation of Organic Sulfone Monomers

Removal of the cyclopentadienyliron moiety from the sulfone-containing

monometallic and bimetallic complexes \¡/as accornplished utilizing either photolysis

or pyrolysis (scheme 2.5). A standard procedure for removing the metallic moiety

involves inadiating cyclopentadienyliron containing complexes with light of

approximately 250-300 nm for approxirnately four hours in an acetonitrile /

dichloromethane solution. This procedure was initially
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followed for the bimetallic sulfone-containing complexes with no success. The

isolated yields ranged from 5-15 %o and of limited purity. These values precluded

photolysis as a method for liberating the sulfone-containing organic fragment from

the complex. This prompted us to tum to pyrolytic sublimation as a means of

obtaining the organic sulfone-containing monomer. In the pyrolytic method, a

sample was heated under a reduced atmosphere to 250 oC. This resulted in

thermally induced cleavage of the metal fragment followed by subsequent

volatllization and condensation of the organic fragment onto a cold furger. This

method allowed for the isolation of the 1,4-butanedi-sulfone and 1,8-octanedi-

sulfone monomers rn60 %yield and good purity as seen from their sharp melting

''Ð- t-@u@"
e,g,h)

1l{e,g,h)

111" cr= 0- 1,t1
I s cl=m:1.41
I tr cl= p; r,¿l

Scheme 2.5: Photolytic demetallation of sulfone-containing monometallics

points of 181-182 oC and 130-l3l oC for 1,4-butanedisulfone and 1,g-

octanedisulfone, respectively. Of the numerous methods and combinations of

methods that were tried, the pyrolytic sublimation method was superior in both

quantity and quality. The only drawback was the small scale that had to be utilized

to get these results. As little as 100 mg at a time was pyrolyzed for two hours which

meant based on a yield of 50 % approximately 25 mg could be obtained and
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therefore resulting in an exorbitant amount of time to accumulate enough monomer

to attempt a polymerization. As much as 200 mg at a time could be pyrolyzed, but

at this scale 4 hours under pyrolysis was required to get similar results. This method

was the predominant method utilized, as the work shifted to preparing wholly

aromatic sulfone-containing monomers. Recent studies have been conducted on the

photolytic instabitity of polyethersulfones and it was shown that the sulfone linkage

was key to the instability of polysulfone through photolytic cleavage of the C-S

bond.los

lnitially it was assumed that the reason for our low yields was due to the

inability of the cyclopentadienyliron moiety to be cleaved. Instead., it may have

been due to the photolytic cleavage of the C-S bond of the sulfone-containing

monorner, consequently degrading it. Subsequently, photolysis was conducted at

longer wavelengths (300nm max instead of 250nm max) and for shorter times. The

application of this procedure to the monometallic sulfone-containing complexes

(11e,g,h) resulted in the isolation of the organic monomers (l2erg,h) in yields of

90%o and above.

The resulting sulfone-containing organic monomers v/ere characterized

utilizing tH NMR and r3c NMR spectroscopy. Figures 2.ll and 2.12 display

representative tH NMR spectra of l2e and lzh respectively. The

cyclopentadienyliron resonances (5.6-5.8 ppm) of compounds l2e and, l2h are

absent and as such indicate successflrl demetallation. The lH NMR spectrum of

compound 12e reveals two strong doublets at 7.51 and 7.88 ppm corresponding to

the protons adjacent to the chloro and sulfone gïoups, respectively. The singlet at

8.48 ppm was assigned to the proton sandwiched between two sulfone groups. The
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remaining doublet and triplet at 8.09 and 7.64 ppm were assigned to the protons

adjacent and firrthest from the sulfone groups, respectively. The tH NMR spectrum

of the more symmetric l2h compound reveals two doublets at 7.50 and 7.86 ppm

assigned to the protons adjacent to the chloro and sulfone group respectively. The

strong singlet at 8.04 ppm was assigned to the central aromatic ring. The rH NMR

spectrum reveals that the compounds have relatively good purity. Compound 12h

had limited solubility in chlorofomr and became almost insoluble after sitting in

powdered form for some time. The ttt NMR spectra were referenced to the

chloroform solvent residue at 7.24 ppm. Figures 2.13 and 2.14 are representative

t3C NMR spectra of compounds 12e and 12h respectively. The expected three

quaternary carbon peaks appear upward at 138.625, 140.696, and 143.131 ppm,

corresponding to the carbon atoms adjacent to the chloro group of the terminal ring,

the sulfone goup of the terminal ring, and the sulfone group of the central ring

respectively. The expected five AICH peaks appear downward at 726.555,I29.286,

129.900, 130.864, arñ 132.116 ppm. The r3c NMR spectrum of compound l2h

reveals the three quaternary carbon peaks at 138.625, 140.924, and,145.96l ppm and

the three ArcH peaks at 138.625, r40.g24, and 145.96i ppm. The r3c NMR spectra

of the above two cornpounds along with their sharp melting points of 174-175 and

277-278 "C respectively reveal their relative purity. Pyrolytic sublimation of

bimetallic sulfone-containing monomers and photolytic demetallation of

monometallic sulfone-containing monomers followed by column chromatography

allowed for the isolation of relatively pure monomers.
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2.3.4 Functionalization of Organic Sulfone Monomers

Functionalization of a select few organic sulfone monomers with sulfonic

acid groups lilas investigated owing to the value of these monomers in the synthesis

of sulfonated polysulfones. Ueda et al. reported the successful sulfonation of 4,4,-

dichlorodiphenylsulfone and showed that its viability as a monomer for the synthesis

of polymeric material.roe This method of introduction of the sodium sulfonate goup

allows for a higher degree of sulfonation than the post-sulfonylation reactions. This

procedure allowed for the successful isolation of a number of novel sulfonated

sulfone monomers as illustrated below (Scheme 2.6).

o

",-@!$^--'^-'å+"'o
5

Nao3s. o --sosNa

"ìO-9,^-",,".--ËÕ.,o
13

Nao3s 
. o

"'-{Otsrio

soy'H2s04

so3/H2so4

14

Scheme 2.6: sulfonation of sulfone-containing monomers with aliphatic
and aromatic spacers

The electronic theory of electrophilic aromatic substitution predicts that the

sulfonate group should substitute ortho to the chloro group and. meta to the sulfone

group. The sulfone moiety, being an electron withdrawing goup (EwG), depletes

the electron density at the carbon meta to it the least, while the chioro group, through

resonance interactions, increases the electron density at the carbon atom ortho to it
the most, therefore, both the chloro and the sulfone group reinforce each other by

directing the electrophile to the same carbon atom. In Figures 2.15 and 2.16 are the
tH NMR spectra of the sulfonated sulfone-containing compounds 13 and 14,

respectively. The lH NMR spectrum for compound 13 shows two broad peaks at

o
il
SI
o
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1.62 and3.37 ppm that correspond to the B and aprotons of the aliphatic chain,

respectively. The two doublets at 7 .67 and 7 .75 ppm with coupling constants of g.20

Hz were assigned to the protons adjacent to the chloro and sulfone group,

respectively. The singlet far downfield at 8.28 ppm was assigned to the proton

sandwiched between the sulfone and sodium sulfonate moiety. The proton that

resonates at 7.75 ppm, in addition to its 8.2 Hz coupling with the proton adjacent to
the sulfone, couples with the proton sandwiched between the sulfone and sodium

sulfonate group with a coupling constant of 2.3 Hz because these protons are forced

in a W conformation. This long-range coupling is due to the 'W confonnation
effect-3 The rH NMR spectrum for compound 14 displays a similar pattern as the
previous compound. The two doublets at 7.65 and 7.89 ppm were assigned to the
protons adjacent to the chloro and sulfone group, respectively. The singlet at g.l7
ppm was assigned to the protons on the central ring and the singlet at 8.36 ppm was

assigned to the proton sandwiched between the sulfone and sodium sulfonate group.

Again a similar long-range coupling pattern was seen due to the W conformation

effect. The peaks at 2.5 and 3.8 ppm conespond to DMSO and water respectively.

The rH NMR is consistent with the above substitution pattem. Figures 2.17 and

2.18 display the r3c NMR spectra of 13 and 14, respectively. The r3c NMR
spectrum of compound 13 shows the expected number of carbon resonances. The

two aliphatic carbon resonances appeax at20.958 and,53.824 for B and 6¿ carbons,

respectively. The peaks at 128.090, r29.584, and 132.035 ppm were assigned to the

quaternary carbon atoms and the peaks at 136.731, L37.095, and l45.g5g ppm were

assigned to the carbons adjacent to the chloro, sulfone, and sandwiched,

respectively' The l3C NMR spectrum for 14 \ryas run as an attached proton test

(ATP) and as such the peaks at 128.214, 129.534, 130.0g0, and 133.115 ppm

corresponding to the ArcH carbon atoms appear downward. The four quatemary

carbon atoms appear as upward peaks at 137.956, 13g.053, 145.s64, and 146.732

ppm. The sodium sulfonate compounds were soluble in DMSO and as such all
NMR data are reported referenced to the DMSO solvent residue.
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Figure 2.16: rH NMR S¡rectrum of Compound 14
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2.4 Summary

The above work illustrates the utility of an organoiron methodology

employing nucleophiiic aromatic substitution reactions towards the synthesis of pure

sulfone- and sulfonated-containing organic monomers. The synthesis of wholly

aromatic sulfide-containing monometallic complexes proceeds readily and in good

yield. Subsequent oxidation to the sulfone-contuirri.rg monometallic complexes

allows for their easy isolation. Latet, removal of the cyclopentadienyl iron moiety

can be accomplished either photolytically with monometallic cornplexes, or

pyrolytically with bimetallic complexes, followed by column chromatography and

recrystallization to yield pure sulfone-containing organic monomers. These

compounds were found to undergo ready electrophilic substitution via sulfonation to

yield another class of monomer containing sodium sulfonate groups.

2.5 Experimental

2.5.1 General Methods

'H NMR and r3c NMR spectra were recorded at 200 MHz and 50 MHz,

respectively, on a Varian Gemini 200 NMR spectrometer. The chemical shifts were

referenced to the solvent residues and coupling constants reported tnhertz. Infrared

spectra were recorded on a Bomem, Hartmann & Braun FT-IR spectrophotometer

using KBr plates. Pyrolysis was accomplished utilizing a BUCHI GKR-51 pyrolytic

sublimator, photolysis \Mas accomplished with a Rayonet photochemical reactor

containing 16 lamps at 300 nm max \ryavelength, and melting points were

determined with a Mel-Temp II.

2.5.2 Starting Materials

8s



Ammonium hexafluorophosphate, ferrocene, o-dichlorob enzene, m_

dichlorobenzene, p-dichlorobenzene, 1,4-butanedithiol, l,g-octanedithiol, 2-

chlorobenzenethioi, 3-chlorobenzenethiol, 4-chlorobenzenethiol, fuming sulfuric

acid, m-CPBA, were all commercially available. All solvents (reagent grade) were

used without further purification, except THF, which was distilled over sodium, and

hexane which was dried over CaClz, distilled and stored over 4-Å sieves. The

bimetallic complexes (3 and 4) were prepared according to previously reported

methodologies.T6

2-5.3 Monometallic sutfide and sulfone complex synthesis

complex (8a-c) (0.412 g, 1 mmol), chlorobenzenethiols (9a-c) (0.029 g, 2

mmol), Kzco¡ (0-346 g,2.5 mmol) and 10 mL of DMF were combined n az5 mL

round bottom flask and stirred at room temperature under a N2 atmosphere for 16

hours. The solution was poured into r\yo (viv) HCI and NH+pF6 (0.163 g, 1 mmol)

was added. The yellow precipitate was collected in a sintered glass crucible and

washed with water, allowed to dry, and then washed with ether.

complex (11e-h) (0.629 g, 1.0 mmot) was dissolved in2 mL of DMF and

cooled on ice. The m-cPB A (1.73 g, l0 mmol) was dissolved in 3 mL of DMF in a

beaker- The resulting m-CPBA / DMF solution was added drop-wise over 5 minutes

to the stired solution of complex (lfe-h). The resulting solution was stirred at 65

oC for 8 hours. The solution was cooled and 50 mL of diethyl ether was added. The

resulting beige precipitate was collected in a sintered glass crucible and washed with

a 3:1 ether : chloroform solution and dried under reduced pressure.

2.5.4 Isolation of Organic Sulfone Monomers
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complex (rre,g,h) (0.693 g, 1 mmor) was dissorved in 25 mL of

dichloromethane and 20 mL of acetonitrile. The solution was purged with Nz and

placed in a photo-reactor, for 2 hours. Followin grctaryevaporatior¡ the residue was

extracted with chloroform, washed with water, dried over MgSO4 and concentrated.

Precipitation with hexane resulted in a white preciFitate, which was collected in a

crucible. Recrystallizationof (r2e,grh) was achieved with toluene.

A fypical pyrolysis experiment is as follows: a bimetallic complex (0.100 g,)

rù/as ground to a fine powder with a mortal and pestle and spread over the glass

surface of the pyrolytic chamber. The complex was heated under a reduced

atmosphere at 250oC for two hours. The organic compound was washed from the

cold finger with CHCI3, concentrated, placed on a silica column and eluted with

CHCI3- Rotary evaporation followed by precipitation in hexane yielded white

sulfone-containing aliphatic monomers. Recryst allization of sulfone-containing

aliphatic monomers was achieved with toluene.

2.5.5 Sulfonation of Organic Sulfone Monomers

Compound (5'12h) (0'5 mmol) and 5 mL of fuming sulfuric acid were stirred

at I20 oC for 3 hows. The solution was cooled and added to 50 mL of ice water.

NaCl was added and the sodium salt of the sulfonated monomer was collected in a

sintered glass crucible and dried under reduced pressure. Recrystallization of

(13,14) was accomplished using a 9:1 methanol water solution.
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Table 1: tH NMR data for monometallic complexes l0a-b

_ ð (ppm) in acetonqd6
COMPLEX ArCH ArCpFe* Cp

l0a 7 .52-7 .72 (m, 8H) 6.37-6.40 (m,2H)
6.49-6.53 (m, 2H)

5.31 (s, 5H)

l0b 7.61 (d, 4H, J =
8.6)

7.76 (d,4H, J =
8.6)

6.30-6.35 (m,2H)
6.37-6.42 (m, 2H)

5.23 (s, 5H)



Table 2: lH NMR data for monometallic complexes l0c-e

ô (ppm) in acetone-d6
COMPLEX ArH ArCpFe. Cp

10c 7.57-7.69 (m, 8H) 6.14 (s, 1H)
6.41 (d,2H, J =

6.8)
6.55 (t, 1H, J =

5.6)

5.27 (s, 5H)

10d 7.48-7.81 (m, 8H) 5.91 (s, 1H)
6.44 (d,2H, J =

6.8)
6.62 (t, 1H, J =

5.9)

5.27 (s, 5H)

l0e 7.58 (d, 4H, J =
7.6)

7.70 (d,4H, J =
7.6)

6.0 (s, 1H)
6.33 (d, 2H, J =

6.3)
6.52 (t, 1H, J =

6.2)



Table 3: tH 
l.l-N4R data for monometallic complexes l0f-h

ô (ppm) ín acetone-d6
COMPLEX ArH ArCpFe" Cp

10f 7.40-7.82 (m,8H) 6.46 (s,4H) 5.30 (s, 5H)

1og 7.58-7.66 (m, 6H)
7.72-7.74 (s,2H)

6.48 (s,4H) 5.28 (s,5H)

10h 7.60 (d, 4H, J =
8.60)

7.74 (d,4H, J =
8.60)

6.37 (s,4H) 5.23 (s, 5H)



Table 4z t3C NMR data for monometallic complexes lOa-b

õ (ppm) in acetone-do
COMPLEX quaternary

ArC
ArCH quaternary

ArC-CpFe*
ArCH-
CpFe*

Cp

10a 130.18 129.58
131.75
132.46
135.71

105.62 8B
89.41

80.81

10b 128.59
136

130.84
136.06

106.17 86.75
87.47

79.83



Table 5: r3C NMR data for monometallic complexes 10c-e

ô (ppm) in acetone-de
COMPLEX quaternary

ArC
ArCH quaternary

ArC-CpFe*
ArCH-
CoFe*

Cp

10c 131.04
135.86

131.42
132.64
133.98
134.66

109.05 83.97
84.54
87.67

80.53

10d 127.99
138.7

129.78
131.88
133.55
137.95

108.49 83.42
84.28
87.71

80.69

10e 126.78
136.94

130.88
137.26

109.56 81.58
83.06
86.99

79.95



Table 6: 13C NMR data for monometallic complexes 10f-h

ð (ppm) in acetone-da
COMPLEX quaternary

ArC
ArCH quaternary

ArC-CpFe*
ArCH-
CpFe*

Cp

10f 128.89
138.3

129.76
131.69
133.12
137.49

106.67 86.53 80.88

1og 131.69
135.75

131.05
132.6

133.61
134.23

107 86.59 80.59

l0h 128.04
137.29

131.43
137.6

108.43 85.6 80.66



Table 7: lH NMR for monometallic complexes 11e-h

ô (ppm) in dmso-do
COMPLEX ArH ArCH-CpFe" Cp

11e 7.70 (d,4H, J =
8.60)

8.17 (d, 4H, J =
8.60)

7.15 (s, 1H)
7.45 (bs, 3H)

5.72 (s, 5H)

11f 7.72 (m,6H)
8.31 (m, 2H)

7.31 (s,4H) 5.66 (s, 5H)

11g 7.74 (t,2H, J =
7.8)

7.92 (d,2H, J -
8.2)

8.08 (s,4H)

7.45 (s,4H) 5.76 (s,5H)

11h 7.70 (d,4H, J =
8.60)

8.11 (d, 4H, J =
8.6)

7.38 (s,4H) 5.73 (s,5H)



Table 8: r3C NMR data for monometallic complexes LLe-h

ô (ppm) in dmso-d6
COMPLEX quaternary

ArC
ArCH quaternary

ArC-CpFe*
ArCH-
CoFe*

Cp

11e 134.78
139.79

129.09
129.53

103.07 84.83
88.36

80.53

11t 134.47
137.51

128.84
131.79
131.97
132.52

105.09 88.33 82.14

11g 134.18
138.44

126.71
127.55
131.51
134.99

104.93 87.13 81.07

11h 134.59
139.53

128.93
129.04

104.46 86.07 80.26



Table 9: lH NMR data for sulfone monomers l2e, grhrl3r 14

ô (ppm) in CDCIa
Compound

7.51 (d, 4H, J = 8.6)
7.64(t,1H,J=7.8)
7.88 (d, 4H, J = 8.6)
8.09 (d, 2H, J = 8.0)

8.48 (s, 1H)

7.48-7.60 (m, 4H)
7 .80-7 .92 (m, 4H)

8.08 (s, 4H)

7.50 (d, 4H, J = 8.6)
7.86(d,4H,J=8.6)

8.04 (s, 4H)

1.62 (bt, 4H)
3.37 (bt,4H)

7.67 (d,2H,J=8.2)
7 .75 (dd, 2H, J = 8.20, 2.3)

8.28 (d, 2H, J = 2.3)

7.65 (d, 2H, J = 8.6)
7.89 (dd, 2H, J = 8.2,2.3)

8.17 (s,4H)
8.36 (d, 2H, J = 2.3)



Table 10: I3C NMR data for sulfone monomers 1:2e, g rhrl3r14

ô (ppm) in CDCIg
COMPOUND qauternary ArC ArCH Others

12e 138.63
140.7

143.13

126.56
129.29
129.9

130.86
132.12

12g 135.91
145.78

126.12
128.02
128.88
130.93
134.18

12h 138.63
140.92
145.96

128.69
129.44
129.98

l3 136.73
137.1

145.86

128.09
129.58
132.O4

(cHz) 53.82
(cHz) 20.e6

14 137.86
138.05
145.56
146.73

128.21
129.53
130.08
133.12



Preparation of Polyarylethersulfones

Introduction

Polyarylethersulfones are a ciass of thermally stable engineering plastics that

are currently receiving considerable attention due to their applications in the

automotive, electronic, and aerospace industries. Studies done on low molecular

weight aryl ethers have shown that the thermal stability arises from the aryl ether

8rouP, and for this reason methods were sought after that could incorporate this

feafure into polymeric materials. The polyarylethersulfones are one such family of

polyarylethers that were developed to possess this group, and as a result they enjoy

excellent thermal and mechanical properties that have led to their use in car engine

Pârts, elechical components, sterilizable medical equipment and household products.

The "workhorse" monomer of the polyarylethersulfone industry is 4,4'-

dichlorodiphenylsulfone whose structure is shown in figure 3.1. Nucleophilic

aromatic substitution of this 4,4'-dichlordiphenylsulfone with diphenols was the

4,4'-d i ch lo rod i p he nys u lfo ne

Figure 3.1: The "\Mork horse" monomer of the polyarylethersulfone indushy

first method that allowed for the preparation of high molecular weight

polyarylethers.e The success of this method is revealed. by the widespread

commercial use of this technology, with a wide range of polyethers having been

prepared. The high glass transition temperature and the possession of groups stable

3.0

3.1

ct
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to hydrolysis have allowed these materials to be successfully applied as engineering

thermoplastics. It was foúuitous that bisphenol A was originally chosen to

complement 4,4'-dichlorodiphenylsulfone because it possesses only aromatic and

primary aliphatic hydrogen atoms; these are the most thenno-oxidatively stable

states of hydrogen.l'Union Carbide's nucleophilic aromatic substitution reaction is

the method of choice for the preparation of polyarylethersulfones.e

The structure of the first commercially developed polyarylethersulfone

known simply as polysulfone, is shown in figure 3.2. The polymer possesses

excellent oxidation resistance because the oxygen and phenyl electrons are stabilized

by resonance through the sulfone moiety and the sulfir atom is in its highest

oxidation state (and therefore not susceptible to further oxidation).

F1(o>
CHs 

-Polysulfone

Figure 3.2: Repeat unit of the first commercially developed polyarylethersulfone

ln addition to the above effects, resonance also contributes to increased bond

strengths and fixes the group into a planar configuration, which gives it thermal

stability' Polysulfone has found use as a structural material because it is stable

for long periods and at high temperatures. It has excellent heat resistance,

hydrolysis resistance, low flame spread, dimensional integrity, melt processability,

and electrical properties. These properties have allowed for its use in the following
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applications: cofflee makers, hair dryer components, steam iron components,

microwave components, electronic integrated circuit carriers, TV components,

printed circuit boards, projector components, aircraft passenger service units,

luggage rack bulk heads, astronauts' outer face mask shields, steering column units,

medical respirator parts, dialysis components, sterilizable packages, hospital feeding

trays, membranes for reverse osmosis micro-filtration and fuel cell components.l2

These numerous applications provide the justification for continued research in the

area o f p olyarylethersulfone s.

3.2 synthesis and rhermal properties of polyarylethersulfones

Polymeric materials are not in thermal equilibrium and. their thermal history

affects their properties.eT'6-8 Over time, pol¡rmeric substances approach an

equilibrium state through a process known as physical aging. The physical aging

process occurs below the glass transition temperature, but by heating a polymer

sample above its Ts a reversal can occur.ns This physical aging is a direct

consequence of the relaxation of polymer chains as they attempt to approach thermal

equilibrium. The T, is affected by a number of variables, least of which is the

degrees of freedom available to the polymer to sample at a specified temperature.

The introduction of carbon-carbon bonds significantly lowers the glass transition

temperature as a direct consequence of the low energy barrier to rotation for these

bonds' The energy barrier to rotations of carbon-carbon bonds are low enough to

allow the polymer molecule to assume many more conformations as compared to a

polymer molecule containing aromatic rings. As a consequence, most aliphatic

polyrner chains are flexible in the sense that they have sufficient thennal energy at
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moderate temperatures to overcome the barriers to rotation about chain bonds, while

chains made from linked aromatic rings are rigid and less flexible and thus

conformational change is much more difficult.es The presence of polar groups also

reduces the ability of polymer chains to undergo conforrrational changes due to

intermolecular interactions between the long chains, For both wholly aromatic and

aliphatic polyrners the inclusion of ether and thioether groups lowers T, because of

the ease of rotation about these bonds, and the inclusion of sulfone groups raises T*

because they are highly polar. The incorporation of bulky side groups in the repeat

unit reduces chain flexibility and as a result T* increases, and consequently the

material becomes increasingly brittle.

For polymeric materials to be commercially useful, the melting point of the

materials must be lower than the onset of thennal decomposition because the

materials have to be molded into the desired shape at sufficiently high temperatures

to cause melting.es For amorphous polymers, like polyarylethersulfones, the

temperature of decomposition should be approximately 100 oC above the glass

transition temperature to be of any utility (i.e. T¿ t (Te + 100 oC)). Therefore, a

balance between rigidity/polarity and thermal stability must be achieved.r2l

Consequently new materials with these desired propefies a¡e continually being

sought after.

Studies on the thermal decomposition of polyarylethersulfones have been

carried out and have shown that the most important degradation process occurring

under vacuum or an inert atmosphere is the loss of sulfur dioxide.ee The model

compound diphenylsulfone was shown to be thermally stable up to 470oc.ee

Additionally, it has been shown that polyarylethers are more stable than mixed
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aromatic sulfone-ether poiymers which are more stable than wholly aromatic sulfone

polymers. Figure 3.3 shows three polyarylethersulfones undergoing themral

degradation under an inert and oxygen atmosphere, respectively. The thermograms

(top) give similar traces in oxygen free conditions while the thennograms (bottom)

in oxygen conditions show a change in slope at around 600 oC in ar, which indicates

a change in the degradation mechanism.ee
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Figure 3.3: TGA thermograms of various polyarylethersulfones under an inert
atmosphere (top) and air (bottom)
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These studies indicated that sulfur dioxide was the major decomposition product

starting f¡om 400 oC. At higher temperatures other products such as methane,

phenol, hydrogen, caibon monoxide, hydrogen sulfide, beíuene, and toluene also

could be detected.ee Elemental analysis showed that the carbonaceous residue left

over contained a high carbon to sulfur ratio, which supports the supposition that

sulfi.r dioxide was lost. Figure 3.4 displays the bond dissociation energies for a

typical polyarylethersulfone.

Figure 3.4: Bond strengths (KcaVmol) for a polyarylethersulfone

Figure 3.5 illustrates the mechanism proposed to rationalize the thermal analysis

results. The first step results in the cleavage of the phenyl sulfone bond followed by

elimination of sulfur dioxide and concomitant dimerization of phenyl radicals to

yield biphenyl.
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Figure 3.5: Proposed mechanism to rationalize thermal decomposition data

Because methane was also a dominant product, a mechanism to account for this was

proposed and is shown in figure 3.6. Homolytic cleavage of the isopropylidene link

of bisphenol A results in a methyl radical and a relatively stable benzyl-type radical

which is consistent with the large formation of methane.ee
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Figure 3.6: Proposed mechanism to rationalize thennal decomposition data

The initial products of degradation and the proposed mechanisms are

supported by the bond dissociation energy values previously displayed in figure 3.4.

Thus, the weakest links in the polysulfone repeat unit would be expected to be the

carbon-sulfi.u bond between the aromatic ring and the sulfone group and the carbon-

carbon bond bet'¡¡een the methyl group and the center carbon of the isopropylidene

.oo
morety."

Figure 3.7 displays a lH NMR spectrum and IR spectrum of bisphenol A

polysulfone. The protons at I.7 ppm were assigned to the aliphatic protons from the

isopropylidene group. The doublet furthest downfield was assigned to the protons

ortho to the sulfone gtroup followed by the doublet next to it that was assigned to the

protons ortho to the isopropylidene and meta to ether linkage. The a¡omatic

+ .CH3

I

+

CH¿

CH.t"
c.

I

CHs

<O>e=cn,
CHg
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Figure 3.7: THNMR and IR Spectra of Bisphenol A polyarylethersulfone

J"-@tþ"-Gg€4



resonances furthest upfield were assigned to the aromatic protons of the bisphenol A

component.

Initial research into polyarylethersulfones focused on understanding the

resulting properties of these materials realized through the polymerization of 4,4'-

dichlorodiphenyl sulfone with an assortrnent of diphenols.l2 There were some

reports n 1967 of the preparation of tri-sulfone polymers utilizing an electrophilic

synthetic methodology, and in 1991 a report on the di-sulfone separated by a

biphenyl bridge polymer was also reported as shown in figure 3.8.12 Unfortunately,

there were no T, data reported for the tri-sulfone, but for the biphenyl separated di-

sulfone aTr of 265 oC was reported.

J"oË+rot-o+

VitrexTM

Fi gu re 3. I : Examples of tri- sulfone-c ontaining p olyaryl ethersurfones

The rigidity of the di-sulfone biphenyl unit allowed for the attainment of such a high

Trvalue" Some examples of typical diphenols (a-h) that have been employed in the

preparation ofpolyarylethers are shown in figure 3.9 along with their T, values.12
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Figure 3.9: Bisphenol nucleophiles utilized in preparation of polyarylethersulfones

Recently, work in the polyarylethersulfone field has started to focus on

utilizing polyarylethersulfones as backbones for the incorporation of novel

functional functionality such as electro-active moieties. Because of the thermal

stability, high glass transition temperatures, and excellent mechanical strengths of

polyarylethersulfones, efforts have been directed towards the incorporation of

electronic functionality, such as n-conjugated oligomers, either in the backbone or

as pendent side chains.3' These polymeric electronic materials can be made into thin

fiims which is another reason why the polymeric route is attractive.3l Recently, Hay

et al.have demonstrated that carbamate masked diphenols are much more reactive in

nucleophilic aromatic substitution polymerization reactions and so they were able to

achieve higher molecular weights in a shorter period of time.3l As an example of

the incorporation of functional functionality into polyarylethersulfones, Hay et al.
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have prepared the soluble and fluorescent

oxadiazole groups as shown in equation 3.1.31

polyarylethersulfone containing

2, 9Bis(4'-hydrory4-biphenytyt):1, 3,,t-oxadiazote

+

"oo
K2C03
DMAc

Ëþ"'.'+g

Equation 3.1: Preparation of a novel fluorescent polyarylethersulfone

Recently, the first example of a successful synthesis of high-molecular

weight linear polyarylethersulfones from monome¡s with an activating group at the

meta position was reported.l0t This is rather unusual because in the S¡Ar reaction,

normally an activating goup at the ortho or para position to the leaving group is

required to st¿bilize the resulting Meisenheimer complex. This result will expand

the number of polyarylethersulfones possible.

Recent work has been directed at producing even more subtle changes in the

polyarylethersulfone backbones. Researchers have recently prepared perfectly

alternating polyaryletherketonesulfones (PAEKS).t04 Their method, as illustrated in

equation 3.2, involved the preparation of a novel sulfone monomer protected at thq

ketone position as an imine, which upon subsequent polymerization and hydrolysis
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resulted in the first

polyaryletherketonesulloo". I 03' I 0a

example of perfectly altemating

q a
'-oë È_g,."o@

1. K2CO3 / NMP

2.HCt

Equation 3.2: Synthesis ofperfectly alternating polyaryletherketonesulfone

Their approach is unique because normally it is aknost impossible to synthesize

these types of materials for fwo reasons: carbonyl activation of sulfone cleavage, and

transetherifi cation reactions. e3, I 0a

Research is currently being conducted into increasing the thermal properties

of polyarylethersulfones through the attachment of pendent trifluoromethyl groups

that increase polyrrer glass transition temperatures without a concomitant decrease

in their therrnal stability.l05 Others researchers are investigating block copolymers

of polyarylethersulfones, which contain polyether cornponents as soft domains and

hydrophilic segments, such as ester and carboxylic groups, as hard domains.106

An extremely active area of research is in the tailoring of

polyarylethersulfones to exceedingly na:rower applications. To accomplish this

researchers need to incorporate a reactive functional goup into the
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polyarylethersulfone chain, through which grafting and cross-linking modifications

can be performed.l0T To this end, carboxylated and nitrated polyarylethersulfones

have been prepared through electrophilic substitution reactions on whole polymer

chains. This route is limited and has caused researchers to utilize lithiated

polyarylethersulfones to int¡oduce azides that can be subsequently transformed to

amines. There have been only a few exampl., of the successful preparation of

functionalized polysulfones through a step-growth process utilizing prior

functionalized monomers. The direct polycondensation of sulfonated 4,4,-

dichlorophenyl sulfone with bisphenol A, and bis(4-fluorophenyl)-3-

aminophenylphospheneoxide with bisphenol A produced polyarylethersulfones

containing the sulfonic acid and amino groups respectively.l0T A novel anhydride

containing polyarylethersulfone was prepared with a dormant anhydride that was

subsequently functionalized and crosslinked.l0T Due to current wid.espread interest

in polyarylethersulfone gas separation membranes, research on studying structure-

property relationships of these materials is receiving import and as such a new series

of polyarylethersulfones containing dissymmetric phenyl-naphthyl-sulfone moieties

have recently been prepared. These materials display increases in T, with

concomitant increases in gas permselectivity (figure 3.10).

Figure 3.10: Novel dissymmetric naphthyiene-containingpolyarylethersulfone
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Photo-chromic molecules are being attached to polysulfones, and lastly research on

the preparation of polyarylethersuifone/poly(ethylene oxide) block copolymers are

being made for biomedical applications such as dialysis membranes.lOs

Results and Discussion

3.3.1 Synthesis of poly(aryl-ether-aliphatic) sulfones

Scheme 3.1 illustrates the synthesis of poly(aryl-ether-aliphatic) sulfones.

The aliphatic-containing di-sulfone monomers possessing aliphatic chain lengths of

4 and 8 carbons, respectively, (la-b) were combined with the appropriate

commercially available bisphenol (2a-c) in the presence of KzCO¡. A dipolar

aprotic solvent dimethylacetamide (DMAc) containing toluene as an azeotropic

distilling agent was utilized to generate polymers (3a-d) as illustrated in scheme 3.1

below. The rH NMR spectra of polymers 3a and 3d are displayed in figures 3.11

and 3.12, respectively.
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HO-Ar-OH

2(a-c)

x=2r4
2=a
4=b

r(a-b) lxrco.

Jorvra" 
/ Toruene

o
o,rj.l
$mrB

O-Ar-O x=2,Ar=a
x=2,Ar=b
x=2,4r=c
x=4,Ar=b

3a
b
c
d

3(a-d)

a=Ar= Fb)
cFs -

b=Ar=@!þ
CH" 

-c=Ar= (Q>i<o
o

Scheme 3.1: Step-Growth pol¡rmerization of polyarylethersulfones containing
aliphatic spacers

The successful polymerization of monomer la with 2a canbe seen from looking at

figure 3.11 because the proton resonances that were adjacent to the chloro group

have shifted upfield upon substitution with oxygen. Substitution by ether groups will

shift these resonances upfield because the oxygen is overall a greater electron donor.

There are four sets of doublets in total corresponding to the AICH protons. These

appear as two isolated doublets at high field and a multiplet composed of ¡wo sets of

doublets at low field. The coupling constants, for all the AICH protons, are 8.6 Hz.

The two sets of non-equivalent aliphatic protons appear as two singlets. The protons
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adjacent or ü to the sulfone gtoup appear just over 3 ppm and the protons B to the

sulfone group appear just under 2 ppm.Integration gave the expected relative values

of 2:2:4:4:4. The rH NMR spectrum of Figure 3.12 illustrates the successful

polyrrerization of lb with 2b. A similar pattern as displayed for the aromatic

resonances of polymer 3a is displayed for polyrrer 3d, such as the upfield shift and

the four sets of doublets with equivalent coupling constants. The protons G to the

sulfone moiety appear furthest downfield at 3.04 ppm because they are adjacent to

the strong sulfone electron withdrawing group, the p and methyl protons appear at

r.72 ppm, and the T and ô protons appear at 1.26 ppm. The r3c NMR specüa

(figure 3.13 and 3.14) further lend support to the successful synthesis of polymers

3a and 3d. The t3C NMR spectrum for polymer 3a reveals the expected numbe¡ of

peaks. The two aliphatic carbon atom peaks appear at 21.56 and 55.53 ppm, fwo

quaternary carbon peaks appear at 121.17 and 126.85 ppm, four aromatic carbon-

hydrogen (ArcH) peaks from 118-133 ppm, and four aromatic quatemary (Æc)

peaks from 129-161 ppm. The r3C NMR spectrum for polymer 3d is similar to 3a

except that there are more peaks visible.

Infrared analysis was conducted on polyrner samples 3b-d to verify the

presence of the sulfone and aryl ether groups, which would be indicative of chloro

displacement. Sulfone groups display a SOz stretching abso¡ption in the 1160-1120

cm-r region and aryl ether groups display a C-O-C sketching absorption in the 1230-

1250 cm-r region. Figure 3.15 shows the IR spectra for monomer lb (top) and

polymer 3d (bottom).

tr4



{"-o

Figure 3.11: rH NMR S¡:ectrum of polymer 3a
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Figure 3.12: lH NMR Spectrum of polymer 3d
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Figure 3.13: r3C NMR Spectrum of polyrner 3a
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Figure 3.14: 13C NMR Spectrum of polymer 3d



The top IR spectrum of monomer lb is indicative of the sulfone group at ll44.g3

cm-lin the 1160-1120 cm-lregion, and an absence of an absorption that would

indicate the presence of an aryl ether in the region of t230-1250 cm-r. The boftom

IR spectrum of polymer 3d indicates the presence of a sulfone g¡oup at ll44.l5 cm-L

and an absorption peak at 1245-26 cm-r, which has been assigned to the aryl ether

bond of the polymer. The rH NMR, r3C 
l.l-À4R ani * outu taken together indicate

the successful formation of an aryl ether bond.

As previously indicated, gel penneation chromatography is a non-absolute

method of determining molecular weights of polymeric materials and as such sorne

fype of reference is needed. In our studies we assumed the retention volumes of

polystyrene were similar to polysulfones, therefore the molecular weight data were

obtained relative to polystyrene standards. Polymers (3a-d) were subjected to GpC

analysis which revealed weight-average molecular weight values (M*) from 17,000-

10,000 and number-average molecular weight values (M") from 12,000-7000. The

degree of polymerization (DP) was calculated by taking the weight-average

molecular weight M* and dividing by the repeat unit molecular weight. For

example, polymer 3c has a M* of 14,255 glmolwith a repeat unit molecular weight

of 624.836 g/mol. The ratio of M* and the repeat unit molecular weight gives us a

degree of pol)rmerization of 23. The same calculation could have been carried out

utilizing the number-average molecurar weight Mn and as such the degree of

polymerization would have been 17. Utilizing M* the degree of polymerization of

polymers (3a-d) varied frorn 23-13. The IH NMR, r3c NMR, IR, and Gpc data all
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all support successful polymer formation and as such the next step in the analysis

was to perform themral degradation, and glass transition temperature (T) studies

utilizing thennal gravimetric analysis (TGA) and differential scanning calorimetry

(DSC), respectively.

In thennal gravimetric analysis the mass of a sample in a controlled

atmosphere is recorded continuously as a function of temperature. The resulting

thermogram is then a plot of mass or mass percent as a function of temperature.

Figure 3.16 is the thermogram for polymer 3d. The onset and endset of

decomposition occurs at 424.57 and, 474.23 oC, respectively. The incorporation of

an aliphatic goup produces a marginally less thermally stable polysulfone. Whether

the aliphatic chain length was four or eight did not have a marked affect on the

thermal stabilify of the polysulfones. The incorporation of these extra degrees of

freedom into a sulfone monomer may allow for one to change T" values without

markedly affecting the thermal stability of the materials.

Differential scanning calorimetry is a technique in which heat flow into a

material and a reference is measured as a function of sample temperature. It is

energy differences that are measured, and as the temperature is raised. and the

polymer passes through the glass transition temperature its heat capacity will

change. The polymer either will be able to take up more or less heat energy when

referenced to the constant heat energy uptake of the reference, and thus a shift in

baseline will be observed as more or less power wili be required. It is expected that

the extra degrees of freedom involved in the poly(aryl-ether-aliphatic) sulfones

(PAEA)s will give lower T* values as cornpared to the polyarylethersulfones which

quite often have T, values ranging from 180-220 oC. DSC analysis of poty(aryl-
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ether-aliphatic) sulfones (3b-d) revealed T, values ranging from g9 to 155oC. The

DSC curve for polymer 3c is illustrated in fïgure 3.17. The glass transition

temperature T, for this polymer appears af 155 oC which is signif,rcantly lower than

the analogous polyarylethersulfone (Tg = 200 oC). This T* (3c) is also higher than

the similar polymer 3b (Tg = 742 oC) because the bulky phenyl group reduces the

ability of the polymer chains to rapidly return to a relaxed state when stressed.

3.3.2 Synthesis of whotly aromatic polyarylethersulfones

The synthesis of wholly aromatic polyarylethersulfones is illusnated below

in scheme 3.2. The wholly aromatic di-sulfone monomer was combined with the

appropriate commercially available bisphenol (a-f) in the presence of ßlzCO¡. A

dipolar aprotic solvent (DMAc) containing toluene as aî azeotropic distilling agent

was utilized to generate polymers (6a-Ð.
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F'igure 3.17: DSC Thernrograrn of polyrner.3c
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Scheme 3.2: Step-Growth polyrnerization of wholly aromatic di-sulfone-containing
monomers

The rH NMR and the '3C NMR spectra of 6b are displayed in figures 3.18 and 3.19,

respectively. The successful polymerization of 4 is revealed in figure 3.18 where it

is seen that the proton resonances adjacent to the chloro group have shifted upfield.

Substitution by the ether group shifts these resonances upfield, again due to the

electron releasing properties of oxygen. There are four sets of doublets assigned to

the ArCH protons and a singlet at 8.03 ppm assigned to the fuCH protons on the

ring sandwiched between the sulfone groups. These appear as a singlet at highest

field followed by two isolated doublets also at high field and a multiplet composed
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of fwo sets of doublets at low field. Integration of the peaks did not give the

expected 4:2:2:4:6 ratio, but rather a 2;2:2:4:6 ratio. The tH NMR results indicate

that polymenzation has taken place because of the upfield shift in the resonance of

the protons adjacent to the chloro group upon substitution by oxygen as shown in

fìgure 3.18. The t3C NMR spectrum was run as an attached proton test (APT). The

spectrum of polymer 6b reveals more than enough peaks. Protons attached to an

even number of hydrogen atoms or no hydrogen atoms have peaks up and protons

attached to an odd number of hydrogen atoms appear as a down peak. The five

fuCH resonances appeff between 117-130 ppm and there are four strong quaternary

ArC resonances. The frfth resonance may be coincident with one of the four. The

methyl carbon resonance appears at 30.91 ppm and the quaternary carbon resonance

appears at 42.38 ppm. The preponderance of evidence points to successful

polymerization. The above polymer was analyzed by GPC and found to have a.

weight-average molecular weight of greater than 10,000. The polymer was further.

purified by reverse precipitation and additional pol¡rmers were prepared utilizing 4

along with a variety of nucleophiles (5a-f). Figure 3.20 displays the lH NMR

spectrum of one of these polymers (6c). The above spectrum produces an

integration pattem that also deviates from the theoretical pattern. This prompted a

reexamination of the purified polymer (6b) whose '3C NMR spectrum is shown in

fÏgure 3.21. The spectrum looks remarkably similar to the ''C NMR spectrum of

commercially available Polysulfone (figure 3.22) that was prepared in the initial

stages of the research as a means of establishing potymerization conditions. A peak

by peak comparison is shown in the Table 1 l.
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Table 11: A peak by peak Comparison of polymer 6b (fïgure 3.21) and Polysulfone
(figure 3.22)

Resonances 6b Polysulfone

CHs 30.905 30.927

Quaternary C 42.383 42.383

ArCH 117.648
119.765
128.406
129.658

117.648
119.78
128.414
129.665

Quaternary C 135.355
147.129
152.781
161.931

135.386
147.137
152.812
161.938

The data in the above table vividly exposes the similarity of the two polymers. The

largest difference between any two peaks is 0.031 ppm, which is insignificant.

Removing a phenyl and sulfone group from polymer 6b gives the monosulfone-

c ontaining p olymer p olysulfone (figu re 3.23).

*r-O+

l@s-@¡@"-*-"+

Figure 3.23 : Elimination of phenylsulfone group
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Figure 3.18¡ rH NMR Spectrum of polymer 6b
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Iìigure 3,21: t3CNMR 
Spectrum of purif,ied polymer 6b
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If the two polymers are indeed the sa:ne, then at some point in the polymerization

process polymer 6b converted to polysulfone. A mechanism to account for the

conversion of 6b to polysulfone is iilustrated in equation 3.3 below. This may

occur at the monomer or the polymer stage, but further studies will need to be done

to see when this occurs.

*4r-6

tOo-o'-o|
I

I

I
o

;<O>o-Ar+
o

o'l
rp_(]Fo-nr-o{
ol

4,4'-dichlordiphenyl sulfone like polymer Sulfinic acid chain end

Equation 3.3: A possible route to account for the conversion of the disulfone-
containing unit to a monsulfone containing unit

With hindsight it is obvious! The activating ability of the sulfone group allows for

substitution at the other sulfone para to it. Through subsequent reading of the

literature a related problem was found where researchers attempting to prepare

perfectly altemating poly(arylene ether ketone sulfone)s (PAEKS)s have obtained

only low molecular weight materials.e' Th" low molecular weights are attributed to

the consumption of phenate anions by sulphinic acid 8troups produced by the

cleavage of sulfone linkages in a ring containing both sulfone and ketone functional

$oups.
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Figure 3.24: Monomer prepared for synthesizing perfectly alternating PAEKS

The lack of perfect alternation is attributed to the electronegativity

differences of sulfone and carbonyl groups on the aryl bishalogen in addition to

transesterification reactions. A group has circumvented this problem and prepared

perfectly alternating poly(arylene ether ketone sulfone)s by preparing a sulfone-

containing monomer (fÏgure 3.24) possessing two ketone functions derivatized as

imines to activate the halogen, which was subsequently hydrolyzed to produce

perfectly alternating PAEKS. The molecular weight of the material prepared

utilizing this monomer was in the range of 15,000-18,000 g/mol. Other resea¡chers

have also only been able to prepare low molecular weight polyarylethersulfones

containing pendent benzoyl $oups due to the activation of sulfone cleavage by the

ketone group.e3 They point out that even if a small amount of sulfone were cleaved,

it would be difficult to obtain high molecular weights in step-growth

polyrnerization.e3

The remainder of the polymers were analyzed. with lH NMR and I3c NMR

and followed the same pattern as polymer 6b.
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Figure 3.25: IR Spectra of Di-sulfone Monomer (top) and polymer 13b (bottom)



Infrared analysis was conducted on 6a-f to verify the presence of the sulfone and

aryl ether groups. Sulfone groups display a SOz stretching absorption in the 1160-

1120 cm-r region and aryl ether groups display a C-O-C stretching absorption in the

1230-1250 cm-r region. Figure 3.25 below shows the IR spectra of the starting

monomer 4 (top) and resulting polymer 6b (bottom). The top IR spectrum of the

aromatic di-sulfone monomer reveals the presence of an absorption peak indicative

of the sulfone goup at 1161-67 cm-l, and an absence of an absorption that would

indicate the presence of an aryl ether in the region of 1230-1250 cm-I. The bottom

IR spectrum of pol¡imer 6b indicates the presence of a sulfone group at 7152.17 cml

and an absorption peak at 1244.49 cm-r, which has been assigned to the aryl ether

bond of the polymer. The rH NMR, t3C NMR and IR data taken together indicate

the fonnation of an aryl ether bond. The next step in the analysis was to determine

the extent of polymerizationutilizing gel permeation ch¡omatography (Gpc).

Polymers 6a-f were subjected to GPC analysis and as such revealed weight-

average molecular weight values (M*) from 4,000-12,000 g/mol and number-

average molecular weight (Mn) values from 3,000-8000 g/mol. The degree of

polyrnerization (DP) was calculated by taking the weight-average molecular weight

(M*) and dividing by the repeat unit rnolecular weight. The degree of

polyrnerization (DP) was calculated assuming the repeat unit was that shown in

scheme 3.2, or with the missing sulfone and phenyl groups, as displayed in tables

16 and 17, respectively. For example, polymer 6b has Mw of 10,268 y'mol with a

repeat unit molecular weight of 442.538 g/mol. The ratio of Mw and the repeat unit

molecular weight gives us a degree of polymerization of 23. The DP values varied

from 10-30 for all the polymers. The rH NMR, t3C NMR, IR, and GpC data
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indicate polymerization and as such the next step was to perfonn thennal

degradation, and glass hansition temperature studies utilizing thermal gravimetric

analysis (TGA) and differential scanning calorimetry (DSC), respectively.

Figure 3.26 below is the thermogram for polymer 6b. The onset and endset

of decomposition occurs at 486.63 and 52i.83 oc, respectively for polirmer 6b.

These values are in the range of values expected if the poiymer w¿ts cornmercially

available polysulfone. If the poiymer still contained the di-sulfone group we would

expect the polymer to degrade at a higher temperature. From looking at the tables

we can see that the thermal degradation temperatures varied with onset temperatures

from 422 to 549 oc, with midpoints varying from 463 to 577 oc, and endset

temperatures varying from 512 to 606 oC. These are all typical thermal degradation

behaviors of polyaryl ethersulfones.

It is expected that the polar sulfone groups and their rigidity will lead to

higher glass transition temperature values (Tg). The DSC analysis of the

polyarylethersulfones 6a-f revealed Tgvalues ranging from 185 to 210 oC, values

typical of these types of polymers. The DSC curve for polymers 6c and 6e are in

figure 3.27 and 3.28, respectively. The glass transition temperatures are taken as

their midpoints and as such these polymers (6c and 6e) display glass transitions of

t94 and 207 oC, respectively. Both of these glass transitions are high. In the first

case the bulky phenyl group decreases the freedom to rotation and the second case

the biphenyl group increases the rigidity of the polymer and thus raising the glass

transition temperature (Te).
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3.4 Summary

This wo¡k has demonstrated that a class of polyarylethersulfones containing

aliphatic spacers between the sulfone moieties can be successfully prepared via

nucleophilic aromatic substitution chemistry. Molecular weight analysis of the

polymers showed that the polyarylethersulfones containing aliphatic spacers had

average chain lengfhs from 13 to 23 units in addition to glass transition temperatures

from 89 to 168 oC , and displayed significant thermal stability's. This work in

addition demonstrated that the synthesis of wholly aromatic polyarylethersulfones

possessing fwo sulfone groups per repeat unit was not feasible due to sulfone

induced sulfone cleavage. Molecular weight analysis of the polymers showed that

the average chain lengths varied from 10 to 30 units in addition to glass transition

temperatures ranging from183 to 210 oC.

3.5 Experimental

3.5.1 General Methods

tH NMR and r3C NMR spectra were recorded at 200 MHz and 50 TvIHz,

respectively, on a Varian Gernini 200 NMR spectrometer. The chemical shifts were

138



Onset 486.69
Endset s2t.g3
Inflect,. pt,. 51"3 .75 0e

Figure 3.26: TGA Thermogram of polynrer 6lr
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referenced to the soivent residues and coupling constants reported inhertz. Infrared

spectra were recorded on a Bomem, Hartrnann & Braun FT-IR spectrophotometer

using KBr plates. Thermogravimetric analysis (TGA) was performed on a Mettler

TGA/SDTA851'with a heating rate of 20 oclmin under a nitrogen (50 ml/min) and

oxygen atnnosphere, respectively. Gel perrreation chromatography (GpC)

measurements were performed using a Phenomenex Bl-gel mixed D column

equipped with an Eppendorf CH-30 column heater and a PL-DCU data station

(Polymer Laboratories). Molecular weights were calculated relative to polystyrene

standards with chloroform as the eluent and at a flow rate of 0.7 ml/min.

Differential scanning calorimetry was performed on a Mettler DSC821' at heating

rates of 20 oClmin under nitrogen (50 rnl/min), and the glass transition temperatures

(Te's) are reported at the midpoint for the second heating.

3.5.2 Starting Materials

Bisphenoi A, 2,2-Bis(4-hydroxy-3-methylphenyl) propane, 4,4,-

Cyclohexylidene bisphenol, Bis(4-hydroxyphenyl) methane, 4,4, -

(hexafluroisopropylidene bisphenol), hydroquinone, 4,4'-biphenol, 4,4'-(1,4-

phenylethylidene bisphenol), and 1,6-hexanedithiol were all comrnercially available.

N,N-Dimethyl acetamide (DMAC) was dried over CaO and vacuum distilled and

kept over 4 Ä molecular sieves. Toluene was dried over CaClz and vacuum distilled

and kept over 4 A molecula¡ sieves.

3.5.3 Synthesis of Poly(ether sulfones)

In a typical polymerization reaction 1 mmol of nucleophile and 1 mmol of

electrophile, 3 mL of DMAc, 2 mL of Toluene, and 2.25 mmol of K2Co3 were

combined in a 10 mL round bottom flask under a nitrogen atmosphere. The
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temperature was slowiy raised from 130 oC to 135 oC and maintained at that

temperature for 3 hours to dehydrate the system and remove most of the toluene.

The temperature was then allowed to reach 155 oc to 165 oc from 3 to 16 hows.

The solution became brown/green during the dehydration process and would become

more or less dark depending on the nucleophile. The solution was then allowed to

cool down and was f,rltered into 100 mL of 10 % (v/v) HCl. The resulting white

precipitate was collected in a sintered glass crucible, washed with water and dried

under vacuum.

143



Table 12: THNMR 
data for polymer samples 3a-d

ð (ppm) in CDCIg
POLYMER ArCH cr-CHz F-CHz CHe Others

3a 7.07 (d,4H,
J = 8.6)

7.14 (d,4H,
J = 8.6)

7.43 (d,4H,
J = 8.6)

7.85 (d,4H,
J = 8.6)

3.08 (bt,
4H)

1.86 (m,
4H)

3b 6.84-6.97
(m, 8H)

7.16 (d, 4H,
J = 8.2)

7.67 (d,4H,
J = 8.2)

2.e4 (bt,
4H)

1.59 (m,
4H)

1.70 (s, 6H)

3c 6.91-7.27
(m, 17H, J

= 8.6)
7.75 (d,4H,

J = 8.9)

3.00 (bt,
4H)

1.79 (m,
4H)

2.16 (s,3H)

3d 6.99 (d,4H,
J = 8.6)

7.07 (d,4H,
J = 8.G)

7.28 (d,4H,
J = 8.9)

7.82 (d,4H,
J = 8.6)

3.04 (t,4H,
J = 7.8)

1.72 (m,
4H)

1.72 (s, 6H) y, ô = 1.26
(m,4H)



Table 13: r3C NMR data for polymer samples 3a-d

ô (ppm) in CDCIg
POLYMER quaternary

ArC
ArCH CHz CH¡ quaternary

c

3a 12s.36
133.3

155.83
161.3

1 18.33
119.33

130.433
132.09

21.56
55.53

121.17
126.85

3b 132.02
147.26
152.61
162.62

117.61
1 19.86
128.47
129.63

21.58
55.58

30.9 42.38

3c 132.2
145.72
148.36
152.98
162.46

117.8
119.64
126.34
128.1

128.46
130.27
130.4

21.61
55.61

30.69 51.84

3d 132.57
147.24
152.78
162.44

117.59
1 19.85
128.48
130.24

22.59
28.06
28.62
56.41

30.94 42.44



Table L4: rH NMR for polymer samples 6a-f

ð (ppm) in CDCIg
POLYMER ArCH Others

6a 6.95 (m, BH)
7.26 (bd, 4H)
7.82 (bd, 4H)

CHz 1.54 (m, 11H)
Cft2.25 (s, 3H)

6b 6.96-7.06 (m, 8H)
7.25(d,4H,J=8.6)
7.89 (d, 4H, J = 8.6)

CHs 1.73 (s, 6H)

6c 6.91-7.12 (m, 17H)
7.86 (d, 4H, J = 8.6)

CH32.19 (s,3H)

6d 7.00 (m,8H)
7.27 (bd, 4H)
7.83 (bd,4H)

CH2 3.98 (s, 2H)

6e 7.17 (m, BH)
7.73 (bd,4H, J = 7.0)
7.94 (bd.4H. J =7.4\

6f 7.12(d,4H,J =8.2)
7.20 (s, 4H)
7.91 (d,4H)



Table 15: r3C NMR data for polymer samples 6a-f

õ (ppm) in CDCIg
POLYMER quaternary

ArC
ArCH CHz CHs quaternary

c

6a 135.26
145.02
152.46
161.78

117.63
1 19.83
128.7

129.57

37.22
22.73

26.13 45.54

6b 135.36
147.13
152.78
161.93

117.65
119.77
128.41
129.66

30.91 42.38

6c 135.38
145.29
148.29
153.03
161.68

117.89
119.47
126.38
128.03
128.38
129.65
130.27

30.61 57.75

6d 135.36
137.61
153.27
161 .98

117.56
120.43
129.66
130.49

40.46

6e 135.67
137.02
'154.58

161.79

117.91
120.64
128.69
129.82

6f 135.71
146.31
151.79
161 .81

117.68
121.97
128.41
129.86



Table 16: GPC data for polymer samples 3a-d and 6a-f

Note: M,,n = weight-average molecular weight
Mn = number-average molecular weight
PDI = polydispersity index
DP = degree of polymerization

POLYMER Mw Mn PDI DP

3a 16,312 11,384 1.43 24

3b 9,067 4475 2.03 16

3c 14,255 10561 1.4 23

3d 9,601 6,215 1.55 13

6a 6,163 4,030 1.53 10

6b 10,269 6,432 1.6 18

6c 11,683 7,252 1.61 18

6d 4,032 2,950 1.4 7

6e 11,952 8,713 1.36 22

6f 9,660 7434 1.3 21



Table 17: GPC data for polymer samples 3a-d and 6a-f vtamonosulfone repeat unit

Note: Mw = weight-average molecular weight
Mn = number-average molecular weight
PDI = polydispersity index
DP = degree of polymerization

POLYMER M, Mn PDI DP

3a 16,312 11,384 1.43 24

3b 9,067 4475 2.03 16

3c 14,255 10561 1.4 23

3d 9,601 6,215 1.55 13

6a 6,'163 4,030 1.53 13

6b 10,269 6,432 1.6 23

6c 11,683 7,252 1.61 23

6d 4,032 2,950 1.4 10

6e 11,852 8,713 1.36 30

6f 9,660 7434 1.3 30



Table 18: TGA and DSC data for polymer samples 3b-d and 6a-f

POLYMER ONSET
(oc)

MIDPOINT
loc)

ENDSET
(oc)

o/oWT

LOSS
Tn fC)

3b 421 460 482 70 142

3c 423 458 475 97 155

3d 424 458 474 90 89

6a 483 505 512 52 205

6b 486 513 521 56 183

6c 461 526 570 75 194

6d 422 463 552 41 190

6e 549 577 606 49 208

6f 538 571 596 56 210

Note: Tg = glass transition temperature



Table L9: select monomer IR data

COMPOUND SO, STRETCH SULFONE so2 STRETCH SULFONATE
13 1149.27 1213.85

12h 1161.67

12e 1152.72

5 1144.83



Table 20: IR data for polymer samples 3b-d and 6a-f

POLYMER SO, STRETCH SULFONE C-O-C STRETCH ARYL ETHER
3b 1143.58 1245.01

3c 1144.31 1245.04

3d 1144.15 1245.26

6a 1151.26 1243.41

6b 1152.17 1244.49

6c 1 151.81 1244.18

6d 1151.93 1244.83

6e 1151.76 1240.33

6f 1151.86 1240.83
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