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Abstract

Abstract

The replacement of petroleum-based materials by renewable bio-based
materials is an interesting topic of research for academic and industrial scientists. The
approaches concerning development of biobased-polymers include utilization of
sugars, polysaccharides, vegetable oils, lignin, furans and so on.> 2 These renewable
resources can be turned into viable macromolecular materials via a series of chemical
transformations and thus could be potentially useful candidates for the replacement of
both thermoplastics and thermosetting materials.

The overall objective of the present thesis was to design and synthesize a
series of difunctional monomers using cashew nut shell liquid (CNSL)- an
agricultural waste product-as a starting material and utilization of these monomers for
synthesis of high performance/ thermally stable polymers. Towards this end, a series
of difunctional monomers, viz, aromatic diamine, diacid, diphenol and dinitrile
containing pendent flexible pentadecyl chain was synthesized starting from CNSL.
These difunctional monomers were utilized for the synthesis of high performance
polymers such as aromatic polyesters, polyimides, polyhydrazides, poly(1,3,4-
oxadiazole)s and poly(arylene ether)s. Additionally, cyanate ester, bismaleimide and
epoxy resin containing pendent pentadecyl chains were synthesized using selected
difunctional monomers derived from CNSL. The effect of pendent pentadecyl chains
on properties of polymers was investigated.

Chapter 1 describes a literature review on recent advances in the field of
polymers from renewable resource materials with particular emphasis on aromatic
difunctional monomers and polymers derived from hemicellulose, lignin and CNSL.
A comprehensive review of the literature on high performance polymers, viz.,
polyesters, polyimides, poly(1,3,4-oxadiazole)s and poly(arylene ether)s covering the
aspects such as methods of synthesis, structure property relationship, etc., are also
included.

Chapter 2 describes scope and objectives of the thesis

Chapter 3 describes synthesis of new difunctional monomers containing
pendent pentadecyl chain using 3-pentadecyl phenol as a starting material which in
turn is obtained from CNSL. The following difunctional monomers were synthesized:

1. 4-(4-Formylphenoxy)-2-pentadecylbenzaldehyde
2. 4-(4-Hydroxyphenoxy)-3-pentadecylphenol
3. 4-(4-(4-(4-Aminophenoxy)-2-pentadecylphenoxy)phenoxy)aniline
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4. 4-(4-(4-(4-Carboxyphenoxy)-2-pentadecylphenoxy)phenoxy)benzoic acid
5. 4-(4-(4-(4-(Hydrazinocarbonyl)phenoxy)-2-
pentadecylphenoxy)phenoxy)benzohydrazide
6. 3-Pentadecyl 4,4' biphenol
7. 2, 2-Pentadecyl-[1,1'-biphenyl]-4,4'-diol
8. 4,4’-Dibromo 3-pentadecyl biphenyl
9. 3-Pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid, and
10. 3-Pentadecyl-[1,1'-biphenyl]-4,4'-dicarbohydrazide
The difunctional monomers and intermediates involved in their synthesis were
characterized by FT-IR, *H NMR, and **C NMR spectroscopy.

Chapter 4 deals with synthesis and characterization of a series of aromatic
(co)polyesters based on 4-(4-hydroxyphenoxy)-3-pentadecylphenol (HPPDP) and
aromatic diacid chlorides. A series of copolyesters was synthesized from a mixture of
HPPDP and bisphenol-A (BPA) with terephthalic acid chloride using phase-transfer
catalysed interfacial polycondensation. Inherent viscosities of (co)polyesters were in
the range 0.70-1.21 dL/g and number average molecular weights, measured by GPC
in chloroform with polystyrene as a standard, were in the range 16,000-48,300.
(Co)polyesters were soluble in chloroform, dichloromethane, pyridine and m-cresol at
room temperature and could be cast into tough, transparent and flexible films from
chloroform solutions. Polyesters containing pendent pentadecyl chains showed broad
halo in the wide angle region (26 = ~ 20°) which revealed their amorphous nature. Ty
values for (co)polyesters were in the range 425-455 °C indicating their good thermal
stability. A drop in Tg values (27-202 °C) and storage modulus (E”) of (co)polyesters
was observed due to the presence of flexible pentadecyl chains which act as packing
disruptive groups.

Chapter 5 describes synthesis and characterization of polyetherimides
containing pendent pentadecyl chains and multiple ether linkages based on 4-(4-(4-(4-
aminophenoxy)-2-pentadecylphenoxy) phenoxy)aniline and commercially available
aromatic dianhydrides namely 3,3°,4,4’-oxydiphthalic anhydride (ODPA), 4,4’-
(hexafluoro isopropylidene)diphthalic anhydride (6-FDA) and 3,3’,4,4’-biphenyl
tetracarboxylic dianhydride (BPDA) using one-step solution polycondensation in m-
cresol. Inherent viscosity of polyetherimides was in the range 0.66-0.70 dL/g,
indicating formation of reasonably high molecular weight polymers. Polyetherimides

were soluble in organic solvents such as chloroform, dichloromethane,
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tetrahydrofuran, N,N-dimethylformamide, N,N-dimethylacetamide, N-
methylpyrrolidone, pyridine, m-cresol and dimethyl sulfoxide. Polyetherimides could
be cast into tough, transparent and flexible films from chloroform solution. The non-
symmetrical structure of multiring diamine resulted into constitutional isomerism in
polyetherimdes as evidenced from 'H NMR studies. X-Ray diffraction analysis
showed that polyetherimides were amorphous in nature and a reflection in small angle
region indicated layered packing of pentadecyl chains. Ty values of polyetherimides
containing pendent pentadecyl chains were in the range 113-131 °C. Thus a
significant drop in T4 was observed compared to analogous polyetherimides without
pentadecyl chains. Ty values of polyetherimides were in the range 460-470 °C
indicating their good thermal stability. The incorporation of pendent pentadecyl
chains and flexible ether linkages increased gap between Ty, and Tio values of
polyetherimides and thus offered a wider processing window.

Chapter 6 embodies the synthesis and characterization of polyhydrazides and
poly(1,3,4-oxadizole)s containing multiple ether linkages and pendent pentadecyl
chains. The polyhydrazides were synthesized by polycondensation of 4-(4-(4-(4-
(hydrazinocarbonyl)phenoxy)-2-pentadecylphenoxy)phenoxy)benzohydrazide
(HPPPB) with aromatic diacid chlorides and were subsequently cyclized using POClI;
to the corresponding poly(1,3,4-oxadiazole)s. Inherent viscosities of polyhydrazides
and poly(1,3,4-oxadiazole)s were in the range 0.65-0.72 dL/g and 0.54-0.62 dL/g,
respectively. Polyhydrazides were soluble in polar aprotic solvents viz., N,N-
dimethylformamide, N,N-dimethylacetamide, pyridine, dimethyl sulfoxide and m-
cresol whereas poly(1,3,4-oxadiazole)s were soluble in common organic solvents,
such as chloroform, dichloromethane, and tetrahydrofuran. X-Ray diffractograms of
both polyhydrazides and poly(1,3,4-oxadiazole)s exhibited a broad halo at 26 = 20°
indicating amorphous nature and a reflection in small angle region (20 = 2-3°),
characteristic of layered packing of pentadecyl chains. The Ty values for poly(1,3,4-
oxadiazole)s were in the range 425-440 °C indicating their good thermal stability. The
T4 values of polyhydrazides and poly(1,3,4-oxadiazole)s were in the range 92-103 °C
and 175-192 °C, respectively. The lowering of T4 in polyhydrazides and poly(1,3,4-
oxadiazole)s could be attributed to the presence of packing disruptive pendent
flexible pentadecyl chains and flexiblizing ether linkages in the backbone. Poly(1,3,4-
oxadiazole)s exhibited maximum UV-Vis absorption in the range 304-337 nm

whereas maximum of fluorescence emission was in the range 380-394 nm in
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chloroform solution. The optical band (Eg) values for poly(1,3,4-oxadiazole)s were
found to be in the range 3.33-3.65 eV indicating their potential application in opto-
electronic devices

Chapter 7 provides study on synthesis and characterization of poly(arylene
ether)s containing biphenylene linkages in the backbone and pendent pentadecyl
chains obtained by polycondensation of 3-pentadecyl biphenol with commercially
available aromatic dihalides by nucleophilic aromatic substitution reaction.
Poly(arylene ether)s exhibited inherent viscosities in the range 0.50-0.81 dL/g
indicating formation of reasonably high molecular weight polymers. The number
average molecular weights (M,) measured by GPC were in the range 2.2 x 10*- 8.3 x
10* with polydispersity of 2.2. '"H NMR studies of poly(arylene ether)s indicated the
presence of constitutional isomerism which existed due to the non-symmetrical
structure of 3-pentadecyl biphenol. Poly(arylene ether)s were soluble in common
organic solvents such as dichloromethane, chloroform, and tetrahydrofuran. Tough,
transparent and flexible films of poly(arylene ether)s could be cast from their
chloroform solutions. X-Ray diffraction patterns showed halos over the range 26 =15-
25° and broad reflections in the small-angle region at about 20 ~ 3° indicating
amorphous nature and layered pentadecyl chain packing, respectively. Poly(arylene
ether)s exhibited Ty in the range 35-60 °C which are lower than that of analogous
poly(arylene ether)s without pentadecyl chains. The lowering of T could be attributed
to packing disruptive effect of flexible pendent pentadecyl chains. The 10%
decomposition temperatures (T1p) of poly(arylene ether)s were in the range 410-455
°C, indicating their good thermal stability. The gas permeation study of poly(ether
sulfone) containing pendent pentadecyl chains revealed moderate increase in
permeability for helium, hydrogen and oxygen with lower permselectivity. However,
there was large increase in permeability for carbon dioxide due to internal plasticizing
effect of pentadecyl chains.

Chapter 8 is divided into three sections

Chapter 8a deals with synthesis, characterization and curing study of 4-
cyanato-1-(4-cyanatophenoxy)-2-pentadecylbenzene (HPPDPCN), containing ether
linkage and pendent pentadecyl chain. HPPDPCN was synthesized from 4-(4-
hydroxyphenoxy)-3-pentadecylphenol by Grigat and Putter method and was
characterized by FT-IR, *H NMR and **C NMR spectroscopy. The melting point of

Savitribai Phule Pune University iv CSIR-National Chemical Laboratory



Abstract

HPPDPCN was found to be 31 °C, which is lower than that of bisphenol-A based
cyanate ester (BPACN, MP = 84 °C). The non-isothermal curing Kkinetics of
HPPDPCN was studied by DSC and the activation energy of uncatalyzed curing was
found to be 108.06 KJ/mol.

Chapter 8b deals with synthesis, characterization, curing kinetics and thermal
properties of 4, 4’-bis-(4-maleimidophenoxy)-2-pentadecyl diphenyl ether (C15BMI).
C15BMI was synthesized by the ring-opening addition reaction of 4-(4-(4-(4-
aminophenoxy)-2-pentadecylphenoxy)phenoxy)aniline ~ with  maleic  anhydride
followed by cyclodehydration of N,N-bismaleamic acid using acetic anhydride and
sodium acetate. The structure of C15BMI was confirmed by IR, *H NMR and **C
NMR spectroscopy. The melting point of C15BMI was found to be 90 °C, which is
lower than that of 4,4’-bis(maleimido)diphenylether (ODABMI, M.P., 183 °C). 4, 4’-
Bis-(4-maleimidophenoxy)-2-pentadecyl diphenyl ether exhibited excellent solubility
in  common organic solvents such as chloroform, dichloromethane and
tetrahydrofuran. Activation energy for curing of C15BMI was determined in non-
isothermal curing mode using Coats-Redfern method and was found to be 75.32
KJ/mol. The Ty, value of cured C15BMI resin was 430 °C indicating its good thermal
stability.

Chapter 8c presents synthesis and characterization of diglycidyl ether of 4-(4-
hydroxyphenoxy)-3-pentadecylphenol.  4-(4-Hydroxyphenoxy)-3-pentadecylphenol
was reacted with epichlorohydrin in the presence of NaOH to obtain diglycidyl ether
of 4-(4-hydroxyphenoxy)-3-pentadecylphenol which was characterized by IR, *H
NMR and *C NMR spectroscopy.

Chapter 9 summarizes the results and outlines salient conclusions and future

perspectives of research work carried out in the present thesis.
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A

BMI
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4-(4-(4-(4-aminophenoxy)-2-pentadecylphenoxy)phenoxy)aniline

4-(4-(4-(4-(Hydrazinocarbonyl) phenoxy)-2-pentadecylphenoxy)
phenoxy) benzohydrazide

3-Pentadecyl 4,4’-biphenol
4,4’-Difluorobenzophenone
1,3-Bis(4—fluorobenzoyl)benzene
Bis(4-fluorophenyl)sulfone

1-Methyl-2-pyrrolidinone

N,N-Dimethylacetamide
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Tetrahydrofuran

Dichloromethane

Inherent viscosity

Gel permeation chromatography

Number average molecular weight

Weight average molecular weight

Polydispersity index

Wide angle X-ray diffraction

Thermogravimetric analysis

Differential scanning calorimetry

Correlation spectroscopy

Heteronuclear multiple-bond correlation spectroscopy
Heteronuclear single-quantum correlation spectroscopy
Highest occupied molecular orbital

Lowest unoccupied molecular orbital
4-cyanato-1-(4-cyanatophenoxy)-2-pentadecylbenzene
Bisphenol A dicyanate

Enthalpy

Activation energy

Arrhenius frequency factor

Bismaleimide

4,4°-Bis(maleimido)diphenylether

4, 4’-Bis-(4-maleimidophenoxy)-2-pentadecyl diphenyl ether
Diglycidyl ether of bisphenol A
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Chapter 1 Introduction and Literature Survey

1.1 Introduction

Synthetic polymers have important role in modernization of the world and
their development is eventually a triumph of human inventions. The exploitation of
synthetic polymers fulfills many basic human needs such as food, clothing, shelter,
health, transportation, etc.

Today, it is difficult to imagine human life without the use of polymers.
Synthetic polymers gain their characteristics as elastomers, fibers or thermosets
because of their particular macromolecular structures. Similarly, bio-polymers are
present in the forms such as natural fibers, skin, hair, shellac, wood, etc. The first
completely synthetic polymer, Bakelite (invented by Leo Baekeland in 1909) was
derived from fossil resources.® For synthetic polymers, essentially monomers are
required and currently these are mostly derived from fossil resources. On the other
hand, extreme utilization of fossil fuels for automobile, industrial and domestic
applications has resulted into rapid depletion of their stocks and there is a fear that
they would be completely vanished in the near future. The expert study revealed that
accessibility of fossil resources, viz., coal, petrol and natural gas would be in a useful
time scale for future one to three generations only.? ® Consequently, there is a serious
concern about depletion of fossil resources.*®

The energy concerns are vigorously discussed and number of alternative
renewable energy sources such as solar energy, nuclear power, biomass combustion,
wind energy, hydropower, geothermal, biofuel and hydrogen derived from renewables
and others are being implemented. On the other hand, renewable non-food biomass of
vegetable and animal origin is the only viable source for organic chemicals,
monomers and polymers.” Therefore, research programs are being ubiquitously
administered for escalating need in the form of the increased funds for production of
biomass derived chemicals and polymers by the concerned Organizations and
Institutions (e.g. EU, UNIDO, INCU, etc.) and the private industries.*® This is also
reflected in amazingly growing the number of scientific journals, papers, patents as
well as International conferences'® on the topic of utilization of biomass for the

production of biobased polymers.(Figure 1.1)
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The process of extraction of valuable chemicals from biomass is termed as
‘bio-refinery or biomass-refinery’*® which is analogous to ‘petroleum-refinery’. The
different components of a biomass are isolated by means of chemical or biochemical
processes. Therefore, value added chemicals and monomers for polymer industry,
biologically active compounds for pharmaceutical industry, natural fibers, resins and
oils (as such or modified) and bio-plastics produced by bacteria have potential to
replace petrol-based products.'® For instance, different components of wood could be
extracted and valorized into: (a) cellulose for papermaking and reinforced composite
materials; (b) lignin as useful macromonomer for preparation of novel plastics and for
valuable chemicals like vanillin, eugenol, ferulic acid, etc; (c) bark tanning used for
leather treatment and (c) some rare chemicals for medical applications such as
neutraceticals. In fact, utilization of biomass resources for production of chemicals
and monomers for polymer industry could replace fossils and decrease the burden of
fossil dependence. Biomass is available so ubiquitously that any country in the globe
would be profited from their valorization. However, several difficulties should be
overcome prior to production of chemicals and monomers from the biomass,
particularly extraction or isolation of such chemicals from biomass. Therefore, the
concept of bio-refinery is very crucial for exploitation of biomass into monomers and
polymers, in particular for separation of its constituents and their conversion into

value added chemicals using suitable chemical transformations.*®™*8
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The efforts towards utilizing renewable resource materials for polymer
synthesis deal with two strategies: i) synthesis of polymers composed of entirely
renewable materials and ii) synthesis of partially renewable polymers in combination
with petroleum-based components. The industrial transition from fossil-based
chemicals towards renewable resource-based chemicals is quite challenging and could
not be possible without interdisciplinary approach. For instance, biocatalytic
transformations using enzymes or micro-organisms can be the first-step which then is
followed by catalytic transformations using solid acid catalysts. Further step may be
transition metal-based catalytic transformation to a) reproduce existing petroleum-
based monomers (‘drop-in’ substitute or bioreplacement) and b) obtain new
monomers providing new polymers which could mimic commodity polymers.
Moreover, new biobased monomers and polymers could be designed with the
intention to achieve polymers with improved processibility i.e. bioadvantaged
polymers.¥22

The objective of this dissertation is to study the utilization of renewable
resources as a starting material for synthesis monomers and polymers therefrom. The
present chapter includes the general introduction on exploitation of renewable
resources for synthesis of aromatic difunctional monomers and high performance
polymers. Therefore, it consists of brief review on the monomers and polymers
derived from lignin and cashew nut shell liquid (CNSL). The aliphatic monomers
derived from renewable resources are out the scope of the thesis and these have been
reviewed elsewhere.” 2%

1.2 Bio-based aromatic difunctional monomers

The most important renewable resources which provide aromatic chemicals
are namely; a) furan derivatives obtained from biomass, b) Lignin- by-product of
papermaking industry c) cashew nut shell liquid (CNSL) and d) polyphenols obtained
from tannis.” 3+

1.2.1 Furan-based difunctional monomers

The hemicellulose is a major constituent of lignocellulosic structures present
in the annual plants as well as in some of their products viz., xylan which a
polysaccharide based on C-5 glycosidic units. The acid-catalysed depolymerization
and dehydration of residual agricultural species such as sugarcane, bagasse, corn cobs,

rice hull, etc into furfural has been a versatile industrial process for a century with
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worldwide production of approx. 300,000 tons. Around 85% of furfural (market price
approx. $1/kg)*? is utilized for production of furfural alcohol which is an important
starting material for various resins and polymeric materials. Secondly, furfural is
utilized for fine chemicals and intermediates required for pharmaceuticals and other
chemicals.*® Further, hydroxymethylfurfural is also produced from C-6 sugars and
polysaccharides using similar process for furfural synthesis and its industrial
production will be started very soon.** * Thus, two furan derivatives namely; furfural
and hydroxymethylfurfural can be obtained directly from biomass (Figure 1.2) and
act as motivation for the approaches such as, (i) converting them into monomers for
chain and step polymerization (ii) studying these polymerizations and establishing
comparison with standard systems, and (iii) characterizing furan polymers to develop

structure property relationship to prove their viability with respect to other polymeric

materials.*® '
— @\ Furfuryl alcohol
CHO
o H,, -CO
Furfural \ [ )
(o)
THF
R (o)

o
Ho S\ on /lK/\COOH + HCOOH

HO OH
/ Levulinic acid
[O] 7\
no_ [ ) RN
— o CHO — > OHCTo CHO

0 A Hydroxymethylfurfural Diformylfuran
; . xo]
Biomass \
HO, ‘\\OH Co, V catalyst /@\
e
HO_ HOOC COOH
AN o _OH H,0 O

OH . . .
2,5 Furan dicarboxylic acid
Figure 1.2 Synthesis and transformation of furans

Some of the furan-based polymers are found to be promising and better
options to fossil-based polymers e.g., (i) mixed furanic polyamide has properties
comparable to that of Kevlar,* (ii) furan-based polyurethanes have thermoplastic
elastomeric properties along with ability to form high graphinic residue on
pyrolysis,*® %

electronic conductivity on doping, photo- and electroluminescence and photo-cross-

and (iii) furan-based conjugated polymers and oligomers have good
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linking ability.”™ *2 Another area of polymer chemistry where furans can afford a
considerable contribution is associated to the chemical properties of furan ring. For
example, 2-substituted furan has tendency to undergo electrophilic substitution
selectively at C5 position, it was utilized to obtain end functionalized poly(isobutene)
and block copolymers by cationic ring opening polymerization in the presence of a
suitable furan derivatives. The click reactions such as thiol-ene reaction, Diels-Alder
reaction, etc have opened new approaches for different macromolecular architectures
required for various applications by combination of furan and vegetable oils.*® >3

Levulinic acid-one of the top-ten platform chemicals™ is obtained from
hemicellulosic waste and it can be transformed into diphenolic acid and different
bisphenols.

The list of selected monomers derived from hemicellulosic biomass is
presented in Table 1.1

Table 1.1 List of selected hemicellulose-based monomers

Structure of monomer

Structure of monomer

(Polymer prepared) (Polymer prepared)
r ALY N
o (o]
° o R = OH, NH,

R = OH, OCHj, CI

o : (Polyesters,*®® Polyamides,*®
(Polyesters,” Polyamides

48
) Polyurethanes*® *%)

o o

0
HOV\OWO/\/OH

(Poly(ethylene 2,5-furandicarboxylate)

H3C0w/@\/OH
o
o

(Polyesters®)

47)

R, [\ / \__R
(o) (o)

o R, R o) H. / \ H
o
R = OH, OCHj, Cl, OC,Hs, NHNH, o) 0
Ry = H, CH,, CHs, CeHs
Rz = H, CH3, C2H5, CGH5 . 64. 65
(Polyamides,® % Polyesters, (Polyazomthines™ ™)
Polyhydrazides,®® Poly(1,3,4-oxadiazole)s®)
ocN. [\ / \__Nco
OH, o o ()
o%g“d* o =
®_< R =H, CH,
OHO 49, 59
o (Polyurethanes™ )

(Difurfurylidene trehalose®)
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Structure of monomer
(Polymer prepared)

Structure of monomer
(Polymer prepared)

\ o
“\/0>\/S\/\/\/\/\/\n/o\/<\J
o)
(AA monomer for DA polymerization by
combination of furan and vegetable 0il®")

=X

(Diels-Alder polycondensation to form
polyadducts®)

o \/\/\/\/\/Y\/\/ 0

(AB monomer for DA polymerization®’)

(Diels-Alder polycondensation®®)

o)
g_/ \é i
)0
Self heah e (Polycarbonates’, Polyesters’®™%)
elf healing cross-linked polymeric
material °)
o)
OH OC,H;
(Dendrons™) (Polycarbonates’®, Polyesters’®)

o

X

o )

X = N3, Br
(Polyesters’")

R = methyl, ethyl, n-butyl and n-pentyl
(Bio-based epoxy’®)

1.2.2 Aromatic difunctional monomers based on lignin
Lignin is a highly cross-linked amorphous aromatic polymer which acts as a

surrounding matrix for the hemicellulose and cellulose present in plants and trees. It is

the second largest abundant natural polymer after cellulose.” ® The lignin content in
the plants varies from plant to plant and with extraction methods also. The general

trend is: lignin content in softwood (28 %) > hardwood (20 %) > grasses (< 20 %).
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Although the structure of lignin varies for different plants, its basic building blocks
could be simplified as C-9 unit which consists of phenolic moiety with three aliphatic
carbons. The aromatic rings are usually substituted with methoxy groups while the
aliphatic segment is present as variable C=C unsaturations. Figure 1.3 represents
hypothetical structure of lignin indicating how it differs in irregularity and cross-
linking than other natural polymers such as cellulose and chitin in which the

glycosidic units present are linear and cross-linked, respectively.
OCH,

HOQ CH;
HsCQ OH
OH
HO H beH, OCH;
H

CHs
OH
R
OH

OLignin

Figure 1.3 A hypothetical native structure of lignin

It is not an interesting approach to isolate and valorize lignin for
macromolecular architectures because of its complex structure. Interestingly, many
chemical processes such as pulp production for paper making and bioethanol
production from lignocellulose produce large amount of lignin as a waste. So it is
widely available and cheap material presently used for generating heat by burning it,
lignosulfonates preparation and land filling also. On the other hand, lignin could be
utilized as a source of aromatic monomers, value-added chemicals and fuels by
depolymerising it. Therefore, many researchers across globe have been utilizing lignin
as a potential renewable resource material for the synthesis of aromatic monomers,
biofuels and value added chemicals. There are several articles and monographs which

have reviewed the opportunities of converting lignin into value-added chemicals.” 8"
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8 The various important building-blocks derived from lignin are vanillin,®> eugenol,
ferulic acid, vanillic acid, etc. (Figure 1.4) The selected aromatic difunctional

monomers derived from lignin are presented in Table 1.2.

o/ ”
COOH OH 4

Guaiacol \ Lignin o~
Hy QCHy / OH
o/ OH
OH §
Vanillic acid \ HyC .

COOH

: Ligrir _»\0 0/
A HyCO i OH
< H:@ﬁ ) . Syringic acid
N ~ :
(o) o H
OH e » —?’g—?" CHO
cHy \

Ferulic acid

CHO /

~o o~
OH
Svri
_ yringaldehyde
(o)
OH
Vanillin -
(o) o o
OH o
Creosol yringo
o~
OH
Apocynol

Figure 1.4 Building-blocks obtained from depolymerization of lignin
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Table 1.2 List of selected lignin based monomers

Structure of monomer
(Polymer prepared)

Structure of monomer
(Polymer prepared)

OCH,
o)

OH
H,CO

OCH,3
o )

Con
H,CO

(Cyanate esters®®?) (Cyanate esters™)
MeO OMe —O0 o
>: :< >: ~—l on
HO HC:N4< >—N:CH OH \[fo
89 o 90
(Epoxy™) (Polyesters™)
O OH o
H,CO PN OCH
"o o et
HO OH o

(Polyesters™)

—0
(Poly(ether-ester)s®?)

OH H
o OH © o
OMe O
o f
OMe OMe OMe o
OH OH OH o
(Polyester, ,** epoxy, polyurethanes, non- s
isocyanate polyurethanes®) (Epoxy™)
MeO OMe 0
0o o
HO X OH
°o OMe o
(Epoxy™) (Eugenol based epoxy™)
o o>//<
o)
o <\ > R4< \>—o
HO O/\/\/O OH
OMe

(Poly(ether ester)s

R =-CHO, -H, - CH,CH=CH,
(Methacrylated vanillin, guaiacol,
eugenol®®)

X C=0, -(CH2)1o- ,-(CH2)20(CH,),-
Dienes used for ADMET-polymerization to
form unsaturated polyethers and
polycarbonates®

o ~F

(Unsaturated polyethers *°)
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Structure of monomer Structure of monomer
(Polymer prepared) (Polymer prepared)
MeO  O0— ,—0  OMe
Ses
. . / N
(Blobasegisglg/lgtre;igzg\g/?c))rks with (Eugenol based benzoxazine®®)

1.2.3 CNSL-based step-growth monomers

Cashew nut shell liquid (CNSL) is a by-product of cashew processing industry
and is abundantly available in India, Brazil, Bangladesh, Kenya, Tanzania,
Mozambique, South-East and Far-East Asia, and tropical regions of Africa. As CNSL
is a non-edible oil, its utilization as an industrial raw material does not necessarily
affect on the food supply chain. CNSL is one of important the renewable resource
materials due to its unique structural features, abundant availability (450,000 metric
tons per year) and low cost. A variety of chemicals and value added-products have
been prepared using its three reactive sites viz., phenolic hydroxyl, aromatic ring and
unsaturation(s) in the alkenyl side chain. Literature reports number of reviews
summarizing reactions and applications of CNSL.% 2 Here, we would like to give
short general information on CNSL covering its composition, purification and
separation methods, reactivity and its utilization for synthesis of monomers for high
performance polymers.

The liquid enclosed in the shell of cashew nut is known as ‘CNSL’ and it is a
greenish-yellow colored viscous liquid placed in the soft honeycomb of the shell
(Figure 1.5). Cashew is a fruit of the cashew tree (Anacardium occidentale), *****°
which is an evergreen tree (10-12 m tall) and grows in the tropical region. In some
countries, the cashew is produced as an agricultural crop, whereas some countries are
importing cashew nuts for processing. The cashew tree provides cashew nuts as a
main cash crop along with cashew apple, wood and gum. The cashew apple juice is
rich in nutrients and vitamin C and is mostly used in beverages, fermented to vinegar
and also have antimicrobial and antitumor properties.**® The preserves, jams, jellies
and chutneys are prepared from the cashew apple. The cashew nut appears greenish-
grey in color while ripen cashew apple has either bright yellow or red color. The

pericarp of the nut consists of a coriaceous epicarp, spongy mesocarp and a stony
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endocarp. The kernel is inside the shell and is covered with a brown skin known as

testa. The nut has a kidney shape and may vary in size from 2.5 to 4 cm. CNSL

constitutes 18-27 % of the total raw nut weight.**°

nnnnnnnnnnn

(a) (b) (c)
Figure 1.5 (a) Cashew fruit, (b) Cross section of cashew nut, (c) Cashew nut shell
liquid
1.2.3.1 Extraction of CNSL

Conventionally, a variety of methods are used for extraction of CNSL from
the nuts of cashew. Two processes are popular for the CNSL extraction: 1) hot oil
process and 2) roasting process in which CNSL oozes out from the shell cashew
nut.*" 8 The other techniques including extraction of CNSL by various solvents viz,

benzene, toluene, petroleum hydrocarbons and alcohols™®

as well as supercritical
extraction of CNSL using a mixture of carbon dioxide and isopropyl alcohol are
reported for extraction of CNSL.!%

1.2.3.2 Composition and purification of CNSL

According to previous literaturg'®® 12t 122

regarding composition of CNSL,
CNSL present in cashew nut is composed of four major compounds viz, anacardic
acid, cardanol, cardol, and 2-methyl cardol. These are monohydric or dihydric
phenols or phenolic acids with meta-substituted C-15 hydrocarbon side-chain with

varying unsaturations (Figure 1.6)
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OH OH OH OH
@ECOOH @L L HSCJCL
CisH31-n CisH31-n HO CisHz1-n HO CisHzi-n
Anacardic Acid Cardanol Cardol 2-Methyl Cardol
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8
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CisHzt-p = < 8 1"
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L TN TNy n=6; Triene
Figure 1.6 Components of CNSL

Industrial CNSL has no content of anacardic acid as it gets decarboxylated
into cardanol during the roasting process.*?® Depending upon side chain unsaturation,
the components of CNSL are again classified as saturated (~5-8 %), monoene (~48-49
%), diene (16-17 %) and triene (29-30 %) ***(Figure 1.6). The composition of natural
and industrial CNSL was estimated by number of researchers using mainly
chromatographic methods.*>>** The presence of significant amounts of oligomeric
and polymeric materials in both natural and technical CNSL has been reported by
Tyman and co-workers.*? 31 132 The different purifications techniques such as
distillation,™ %3, solvent extraction,*** paper chromatography, thin layer
chromatography and column chromatography using various eluents and stationary
phases were used for purification and separation of components of CNSL. 35137 138

1.2.3.3 Applications of CNSL in high performance polymers

Cardanol has been found to be an interesting renewable resource due to its
three reactive sites (phenolic —OH, aromatic ring and unsaturation in side chain) for
aromatic difunctional monomers for high performance polymers. Its utilization for the
synthesis of various difunctional monomers such as diamines, diacids, diols,

diacylhydrazide, dialdehydes, bisylides, etc. was successfully demonstrated (Scheme
1.1).99, 139-158
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Scheme 1.1 CNSL-based difunctional monomers

A series of high performance polymers viz., polyimides, polyamides,
poly(azomethine)s, poly(amideimide)s, poly(esterimide)s, polyesters, polyhydrazides,
poly(1,3,4-oxadiazole)s, etc. have been synthesized by polymerization of these
CNSL-based monomers. The high performance polymers derived from CNSL are
bestowed with pendent pentadecyl chain which is responsible for packing disruption
of polymer chains and acts as an additional handle for interacting with solvent to
enhance solubility. The polymers with pendent pentadecyl chains showed lower T
than their analogous without pentadecyl chains because pendent pentadecyl chains
hinder interchain interactions as well as increase the segmental motion in the polymer
backbone. A large difference between glass transition temperatures (Ty) and
temperatures for 10 % weight loss (T1) of the CNSL-based polymers offers these
polymers opportunities for melt-processability.

1.3 High performance polymers

High performance polymers is one of the speciality and well recognized areas
of polymer science for more than 60 years. They have received tremendous demand
for space programs in the ablative systems, high temperature adhesives and coatings

and heat- and flame-resistant fibers. High performance polymers can broadly be
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defined as polymeric materials which exhibit thermal stability above 200 °C and also
possess excellent mechanical strength, modulus and chemical stability. ™ 1*

Unfortunately, high performance polymers such as aromatic polyesters,
polyimides, polyhydrazides, poly(1,3,4-oxadiazole)s, poly(arylene ether)s, etc. have
high melting transitions and poor solubility because of high regularity and high
rigidity of the backbone which results in strong interchain interactions. The higher
melting transitions and insolubility in common organic solvents pose the serious
problem of processability which limits their widespread applications in various
advanced technologies. The various approaches have been demonstrated to improve
processability of high performance polymers (Figure 1.7): (i) the introduction of
flexible spacers between the rigid units; (ii) the introduction of bent or ‘crank shaft’
units along the aromatic backbone; and (iii) the introduction of bulky side groups or
flexible side chains into the polymer backbone.**

Rod-like polymers

- — — — — — —

1) Introduction of flexible spacers

- AL —

2) Introduction of bent or crank shaft units

- 0 ke T

3) Intraduction of bulky side groups or flexible side chains

O (0] 0 O O O

Figure 1.7 Macromolecular approaches for improving processability of high
performance polymers

These structural features offer molecular dissymmetry; hinder close interchain
packing and increase free volume resulting into improved solubility and processability
of the polymer. Further, the improvement in processability should be carried out

without sacrifying the thermal stability.*?
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The consequent sections discuss the advances in the chemistry of high
performance polymers that resulted into improvements in their processability. The
main focus of the discussion is on aromatic polyesters, polyimides, polyhydrazides,
poly(1,3,4-oxadiazole)s and poly(arylene ether)s. The chemistry and structure-
property relationship in cyanate esters, bismaleimides, and epoxy resins has been

discussed in Chapter 8.

1.3.1 Aromatic polyesters
Aromatic polyesters or polyarylates are polymers containing repeating ester
groups (-CO-O-) as a part of the polymer backbone. In 1957, Conix et al'®® have
firstly reported reaction between aromatic dicarboxylic acids and bisphenols.
Thereafter, a large number of reports on polyesters based on aromatic dicarboxylic
acids are available in the literature.'®® Prior to the production of the first commercial
polyarylate-U-polymer-which is a polyester based on bisphenol-A and
tere/isophthalates, by Unitica in 1974, 140 different types of polyarylates were
reported.'®®
Polyesters have been extensively used in a variety of fields because of their
excellent thermal, mechanical and electrical properties. However, polyesters have
some problem regarding processability as they are insoluble in common organic
solvents and possess high glass transition (Tg) and melting (Tm) temperatures.
Bisphenol-A-based polyesters have high melt viscosity offering them limited injection
moldability. Thus, a large amount of work has been carried out for improving
processability of aromatic polyesters.
1.3.1.1 Synthesis of polyesters
The following two routes are generally used for preparation of high molecular
weight aromatic polyesters.
1. Acid chloride route
2. Transesterification route
1.3.1.1.1 Acid chloride route
This is most widely applicable route for the synthesis of aromatic polyesters.
The aromatic dicarboxylic acids are transformed into diacid chlorides and then
condensed with diphenols. The polycondensation can be carried out by three different

methods.
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1.3.1.1.1a Interfacial polycondensation
The interfacial polycondensation for synthesis of aromatic polyesters was first

164166 and  Conix™® independently. The interfacial

introduced by Eareckson
polymerization is typically polycondensation reaction between dialkali metal salt of a
diphenol and diacid chloride(s) in the solvents such as water/dichloromethane or
water/chlorobenzene.

In the process, the solution of diacid chloride in the water-immiscible solvent
such as dichloromethane, chlorobenzene, etc. is added to the aqueous dialkali metal
salt of diphenol under high speed stirring. The method is not suitable for preparation
of aliphatic polyesters as aliphatic diols do not form alkoxide ions in aqueous
medium. The polymerization reaction occurs at the interface of the two phases,
therefore factors such as the speed of stirring, relative volume of the two phases,
monomer concentration, phase transfer catalyst (PTC) and its concentration have
profound effect on the reaction kinetics, yield and molecular weight of resulting
polymer.’®” PTC helps the transport of phenoxide ions into the organic phase and also
plays a role of surfactant to increase rate of reaction by enhancement of total
interfacial area.’®” Scheme 1.2 depicts a typical phase-transfer catalyzed interfacial
polymerization reaction.

HO—Ar—OH + NaOH — HQ10—Ar—o'Q*' 4+ NaX
Q*1x!
AQUEOUS PHASE

ORAGANIC PHASE
Q*'x-! *“Q'o—Ar—o'Q*!
+

Q@ 9 2 2
X-+C—Ar—C—O—Ar—O-+H X—C—Ar—C—X
n

Diacid chloride
Polyarylate

Scheme 1.2 Phase-transfer catalyzed interfacial polymerization reaction of
bisphenol and diacid chloride

The main job of PTC is to make transportation of the anion of the bisphenolate
salt into the organic phase as the ion pairs. These ion pairs combine with chloride ions
present in organic phase to form the product and PTC gets regenerated back and

transferred into the aqueous phase.’®” °® The commonly used PTCs are
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benzyltriethylammonium chloride (BTEAC), tetraethylammonium chloride (TEAC),
tetramethylammonium chloride (TMAC), benzyltriphenylphosphonium chloride
(BTPPC), 15-crown-5, 18-crown-6, etc.®®” The choosing organic solvent for
interfacial polycondensation is extremely important as polyesters formed should be
soluble in it for achieving high molecular weight polymers. The low molecular weight
polymers would be obtained when precipitation of polymer occurs during the reaction
leading to lower reaction rates.

In contrast to polymerization reactions in homogeneous media, the maximum
molecular weight is not necessarily achieved at the equimolar concentrations of
reactants. The optimum stoichiometry of the reactants depends on the diffusion-rate of

individual reactants at interface of the reaction. In literature, *°

there are reports on
high molecular weight polyester synthesis with stoichiometric ratios in the range 0.58-
2.0 for different diacid chloride-bisphenol.

1.3.1.1.1b Low temperature solution polycondensation

Low temperature solution polycondensations are usually carried out at room
temperature or lower temperature (between -10 °C to +30 °C). In this method,
polyesters are prepared by the reaction of equimolar amounts of a diacid chloride and
a diol in a neutral solvent such as dichloromethane or tetrahydrofuran using a tertiary
amine such as triethyl amine or pyridine, which acts as a catalyst as well as HCI
acceptor. This polymerization method is also known as acceptor-catalytic
polyesterification.' "

The synthesis of polyester from bisphenol-A and terephthalic acid chloride or
isophthalic acid chloride by low temperature solution polycondensation is shown in
Scheme 1.3. The synthesis of high molecular weight polyesters is successfully
achieved with pyridine alone or pyridine along with a tertiary amine in an inert

organic solvent.16% 170171
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COcCI

Bisphenol Diacid chloride
R;N | 0°C
2
O O o_g@c—o + RsN.HCI
n
Polyarylate

Scheme 1.3 Low temperature solution polycondensation of a bisphenol and a
diacid chloride

1.3.1.1.1c High temperature solution polycondensation

The polycondensation reaction between a diacid chloride and a bisphenol in

the absence of an acid acceptor is sluggish at room temperature. Therefore, the
polycondensation which is carried out at elevated temperatures (about 200 °C) in an
inert high-boiling solvent is termed as high temperature solution polycondensation.
Polyesters can also be obtained in excellent yields at 215-220 °C in dichloro-
ethylbenzene as a solvent. The method does not need any acid acceptor because the
evolved HCI gas is constantly taken away from the reaction mixture with the help of
an inert gas flow. The o-dichlorobenzene with pyridine as a catalyst is found to be
most effective system for synthesis of high molecular weight polymers.*’? The most
commonly used high boiling solvents are nitrobenzene and o-dichlorobenzene. The
various solvents which are also useful are: chlorinated benzenes
(tetrachlorobenzenes), chlorinated biphenyls, chlorinated naphthalenes, chlorinated
diphenylethers, and non-chlorinated aromatics like terphenyl, dibenzylbenzenes,
benzophenones, etc.

1.3.1.1.2 Transesterification route

Transesterification route utilizes following reactions for synthesis of

polyarylates:

1) Reaction of diphenyl ester of aromatic dicarboxylic acid with

bisphenol 1317
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o o catalyst, /\ o o
Ph—o—CO—c—o—Ph + HO-Ar—OH ——————> c@—c—o—Ar—o
-Ph-OH

Scheme 1.4 Synthesis of polyester from diphenyl ester of aromatic dicarboxylic

n

acid and bisphenol
2) Reaction of aromatic dicarboxylic acid with diacetate derivative of

bisphenOI 162, 176, 177

o o

T i Q 9 catalyst, A o o
HO-C C-OH + H;C-C-O-Ar—0-C-CH;— ' » _|¢ e-0-Ar-0
-CH,COOH

n
Scheme 1.5 Synthesis of polyester from aromatic dicarboxylic acid and diacetate

derivative of bisphenol
3) Reaction of dialkylester of dicarboxylic acid and diacetate derivative of

bisphenol.}® 7

o o o (o] o

i 0 i 9 catalyst, A n i
H,C—-0-C C-0-CH; + H;C-C-O—Ar—0-C—CH, — > _1¢ &_0-Ar-0
-CH;COOCH;

Scheme 1.6 Synthesis of polyester from dialkylester of dicarboxylic acid and
diacetate derivative of bisphenol
1.3.1.1.3 Miscellaneous routes for polyester synthesis
There are also some additional methods which have been applicable for
synthesis of polyester such as phenol silyl ether route,’® ¥ direct esterification

182-184 185 etc.

route, palladium-catalyzed carbonylation route,
1.3.1.2 Structure-property relationship in aromatic polyesters

A large number of reports on polyarylates are available for demonstration of
structure-property relationship.’® 18 18187 The thermal and mechanical properties of
polyesters are the function of the substituent present on the backbone and the
backbone itself. Polyesters having phenyl rings or large/rigid substituents will show
higher thermal properties, good solubility in common organic solvents and low
crystallinity.*®’ Further, the insertion of —CF5 group onto the backbone of polyesters
gives improved solubility as well as thermal stability.**® Inclusion of the cardo groups
into polymer backbone was found to be useful not only for increasing solubility but
also for improvement in thermo-mechanical properties.®® The meta-substituted

monomers such as isophthalic acid, resorcinol, etc. impart kinks in the polymer
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backbone resulting into disrupted interchain interactions. Co-polyesters properties

could be tuned in better way with varying composition of diol structure rather than

that of diacid chloride structure.®® Incorporation of pendent bulky groups or flexible

chains onto the polyester backbone is found to be popular approach to improve

processability. The selected bisphenols and diacid chlorides containing flexible chains

used for synthesis of processable polyesters are presented in Table 1.

3142, 191-200

Table 1.3 List of the selected bisphenols and diacid chlorides containing flexible

chains used for synthesis of polyesters

Sr. No. Monomer structure Reference
H3C-<H2C>;1H2CO
H3C-<H2C>;‘H2C0 H,C
o
H3C-<H2C>r—‘H2CO
1 oo
o OCHz-{CH2>nCH3
CH2 OCHZ_CH2>CH3
n=5,6,8,10, 12 OCHz—CH2>CH3
OR
2 cioc cocl 192
RO R = CgH13, C1oH21, C12H25, C14H29, C16H33
HO OH
3 193
0° OR R = CHj3, C4Hy, CgH47, C12Hs
HOOC COOH
4 194
R
R = OC¢Hs, SCgHs, S(CH,)sCH;
CloC COCI
5 199
OCH,CH,OCH,CH,
OR
RO
7 R = Cq3Has, C16Has3 195
0OC42Hzs
o~ ) ) ) )
C12H25o
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Sr. No. Monomer structure Reference
cocCl
N:N@—O—GCH o
8 n 196
clioc
n=5-10,12

OH
0L
9 O 200
C1s5H34

CH,
o )
9 O 142

CqsH3q

1.3.2 Polyimides
Polyimides are polymers with recurring heterocyclic imide units-
o]

N—v‘\Nv

o]
as an integral part of polymer backbone. In history, the first report related to

polyimides i.e. synthesis of phthalimide derivatives by Bogert et al**

appeared in
1908. Nextly, there was introduction of Kapton as commercial aromatic polyimide by
Dupont in the early 1960s.2%? Subsequently, synthesis of various kinds of polyimides
have been reported in the literature.’®® 2%2% polyimides have scientific as well as
commercial interest due to their excellent thermo-oxidative stability, superior
mechanical strength, outstanding electrical properties, and high chemical resistance.
In spite of processing difficulties and high cost of polyimides, they have significant
applications as matrix resins, coatings, adhesives, and insulator in the automobile,
aerospace and electronic-packaging industries. The various companies have
commercialized polyimides with the trade names such as Kapton (DuPont), Vespel
(DuPont), Pyre-ML (DuPont), Skybond (Monsanto), Apical (Kaneka), UPILEX
(UBE), VTEC PI (RBI), Kaptrex (Professional Plastics) and Norton TH (Saint-

Gobain).*® However, the widespread applications of polyimides have been limited
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due to their insoluble and infusible nature resulting into poor processability.
Therefore, large efforts have been spent to impart processability to intractable
polyimides.
1.3.2.1 Synthesis of polyimides
Generally, polyimides have been synthesized by polycondensation of aromatic
diamines and tetracarboxylic dianhydrides. Additionally, there are number of methods
reported for synthesis of polyimides, some of them are enlisted below.

1. Two-step method via poly(amic acid)

o fo) o o
Step-l HN OH
o o + NHZOOONH24>
DMAc HO NH (o]
o o RT o o n
Step-ll l_ H,0
o [o]
T o
o (o]
n

Scheme 1.7 Synthesis of Kapton by two-step method
2. One-step high temperature solution polymerization

O O O O

-C I
O O 200 °C 0O O n

Scheme 1.8 Synthesis of polyimides by one-step high temperature solution
polymerization

3. Polyimides via polyisoimide precursors®®

O O o (o) b (o) Nl—Ar2
O)LA%]\O + HyN-Ar,-NH; — HOJLAn)J_NH_Arz —_— O)kArAO
¢ NH( —on e
O O O o n N O n
Polyamic acids Polyisoamides
O O A
N#A#N—Arz 250 °C
O O n
Polyimides

Scheme 1.9 Synthesis of polyimides via polyisoimide precursor
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4. Polyimides from diester-acids and diamines (Ester-acid route)®**

EtOOC X COOEt NMP/ Dichlorobenzene
+ NH Y HN, >
170-185 °C

HOOC COOH
0] o)
X
~ s
o o) n

Scheme 1.10 Synthesis of polyimides by ester-acid route

5. Polyimides from tetracarboxylic acids and diamines®*?

S o
HoOC COOH ooc coo ® ®
:@: + HN{CH,-NH, ——> +  HoN{-CH,|-NH,
m
ROOC COOR ROOC COOR m
Salt
R = H, CH,
A
) 0
N N—éCHz + H,0 + ROH
m
o 0 N

Scheme 1.11 Synthesis of polyimides from tetracarboxylic acids and diamines

6. Polyimides from diisocyanates and dianhydrides?*

O O O O
O)LAr O + O=C=N—Ar—N=C=0 L N)LAI')LN—Ar
il D

O O O O

n

Scheme 1.12 Synthesis of polyimide from diisocyanates and dianhydrides

7. Polyimides from diamines and dithioanhydrides®* %"
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o O o O O O
- A
SAA%LS + HoN—Ar,-NH, ——> HS_LkAn)L NH-Ar — N)kA%L N-Ar,
il NHI( s S
O O O o n (0 0]

Scheme 1.13 Synthesis of polyimides from diamines and dithioanhydrides

8. Polyimides from diamines and bismaleimides (Michael addition

reaction)?*®

o o] o]
H,N-Ar-NH, + NOCHZON | A, | N CH, N
HN-Ar-HN
o) o] o)

Scheme 1.14 Synthesis of polyimides by Michael addition reaction

9. Polyimides from bisdienes and dienophiles (Diels-Alder reaction) #1827 18

R o o
NaI 180°C N
SO RIN SN ULE @
Br. Br DMSO n
R o o

Scheme 1.15 Synthesis of polyimides by Diels-Alder reaction

10. Polyimides from silylated diamines and dianhydrides®'* 2%

)k )L ROJL )J—NH Ar, )Okﬁ

RHN-Ar,-NHR + O Ar, O

i NHT( “—OR )0(

O O n

R = Si(CH;);
Polyimides

Scheme 1.16 Synthesis of polyimides from silylated diamines

11. Polyimides by Pd-catalyzed carbon-carbon coupling reaction®*
o] o
' ' PdCl, /PPh,
+ H,N—R—NH, ——>» N N-R
I I CO /DMSO
o o n

Scheme 1.17 Synthesis of polyimides by Pd-catalyzed carbon-carbon coupling

reaction
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Out of all these methods ‘two step method via polyamic acid’ and ‘one-Step
high temperature solution polymerization’ are commonly used methods and will be
discussed in brief.

1.3.2.1.1 Two-step method via poly(amic acid)

This classical method was developed at DuPont for synthesis of Kapton, the
first commercial polyimide and is still popularly utilized for the synthesis of insoluble
polyimides. Scheme 1.7 illustrates the two-step method for synthesis of Kapton. The
method consists of first step as polycondensation of dianhydride and diamine in polar
aprotic solvents such as DMAc or NMP at ambient temperature to form processable
poly(amic acid). In the second step, poly(amic acid) is converted into corresponding
polyimide by imidization

1.3.2.1.1a First step: Formation of poly(amic acid)s

The first step involved the nucleophilic attack of diamine nitrogen on the
carbonyl carbon of dianhydride to open the anhydride with formation of amic acid. In
reaction equilibrium, the acylation of amine i.e. forward reaction is an exothermic,
second order and faster than the backward reaction which is a first order reaction. As
a result, high molecular weight poly(amic acid) is obtained when the reaction is
carried out lower temperature and higher monomer concentrations.’”® The rate of
reaction is also governed by reactivity of the monomers (nucleophilicity of amine and
electrophilicity of dianhydride carbonyl carbon). Generally, the structural variations
in diamine have more influence on the rate of the acylation reaction than that in
dianhydride.??? The more nucleophilic the diamine more is reactivity which can be
correlated with basicity (pKa) given by Hammett equation.?”® Though aliphatic
diamines are more basic, they do not form poly(amic acid)s because they have
propensity to react with carboxyl group of the formed amic acid resulting into
formation ionic salts and hence protonated amine group can not react with the
anhydride. Further, diamines with very low basicity have too weak nucleophilicity to
react with dianhydrides. Therefore, diamines with a pKa of 4.5-6 are suitable for
formation of high molecular weight poly(amic acid). The reactivity of the
dianhydrides could be measured on basis of electron affinity (Ea). The higher the
value, greater will be the reactivity of the dianhydride.?** The dianhydride could be
activated for nucleophilic attack on the anhydride carbonyl by strong electron-

withdrawing groups. The role of solvents is also important in the formation poly(amic

Savitribai Phule Pune University 25 CSIR-National Chemical Laboratory



Chapter 1 Introduction and Literature Survey

acid)s. The commonly used solvents are N,N-dimethylacetamide, 1-methyl-2-
pyrrolidinone, N,N-dimethylformamide and dimethyl sulfoxide as they are polar
aprotic solvents and also able to form strong hydrogen-bonded complexes with the
carboxyl group.
1.3.2.1.1b Second step: Imidization of poly(amic acid)s

Thermal imidization of poly(amic acid)s is the most commonly used method
for conversion of poly(amic acid)s into corresponding polyimides and it is carried out
by heating poly(amic acid)s gradually to 250-350 °C. The imidization proceeds with
the evolution of solvent and water formed during cyclization reaction. Alternatively,
high temperature solution imidization is utilized to obtain soluble and processable
polyimides. The cyclization is carried out by heating solution of poly(amic acid) in
high boiling solvents at 160-200 °C using azeotropic distillation. As compared with
thermal imidization, this method allows lower temperatures as well as greater
mobility to polymer chains in solution which could avoid degradation and side
reactions. The chemical imidization poly(amic acid)s involves the cyclization using a
chemical dehydrating agent in the presence of basic catalyst at 20-80 °C, depending
upon solubility of polyimides.”” The commonly employed dehydrating agents are
acetic anhydride, propionic anhydride, n-butyric anhydride, etc. with basic catalyst
such as pyridine, isoquinoline and triethylamine. The different methods of imidization
offer polyimides with varying solubility. Generally, polyimides obtained by chemical
imidization have more solubility than those obtained by thermal imidization.
However, thermal imidization provides polyimides with excellent thermal properties
as compared to chemical cyclization.?®

1.3.2.1.2 One-step high temperature solution polymerization

This method is used for preparation of polyimides which are soluble in high
boiling solvents at polymerization reaction temperatures.’?’ In the process, a
stoichiometric amount of dianhydride and diamine are heated in a high-boiling
solvent or mixture of solvents at temperatures above 150 °C.?® % The imidization
reaction at these temperatures proceeds rapidly and water generated during the
reaction is distilled off constantly as an azeotropic mixture with the solvent. The
solvents such as nitrobenzene, m-cresol, chlorinated aromatic solvents, chlorophenols
and polar aprotic solvents are commonly used. Hasanain et al.>° have utilized

salicyclic acid as a solvent for synthesis of polyimides by one-step polycondesation.
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Toluene and o-dichlorobenzene are frequently used as cosolvents for
azeotropic removal of water formed in condensation reaction. Unlike two-step method
described above, the attainment of a high molecular weight poly(amic acid) is not
necessary for this method. Imidization reaction still progresses via an amic acid
intermediate which is present in relatively small concentration as it has short-life at
higher temperatures and hence it gets rapidly imidized or decomposed to amine and
anhydride. The one-step polymerization is usually carried out in the presence of
quinoline, tertiary amines and dialkylaminopyridines as catalyst for imidization. In
particular, the polymerization can be applicable for synthesis of polyimides from
unreactive, sterically or electronically-hindered diamines and dianhydrides. The
extent of imidization in polyimides obtained by one-step high temperature solution
method is basically absolute or 100%. There will not be presence of ‘defect sites’
such as amic acid and isoimide units, in the resultant polyimides, which accounts for
their superior physical properties over polyimides obtained by conventional two-step
method. The one-step melt polymerization using the extrusion-molding method was
used for preparation of polyimides having melting transitions (T,) more than 300 °C
or glass transition temperatures (T4) more than 250 °c.Bt

1.3.2.2 Structure-property relationship in polyimides

Polyimides are well known class of high performance polymers and by virtue
of their high temperature stability, they have wide applications in advanced
technologies e.g. spacecrafts, electronic industry, defense and consumer applications
too. In spite of excellent properties, polyimides have limited solubility in common
organic solvents and have high melting and glass transition temperatures because of
rigid backbone as well as strong interchain interactions due to charge transfer
complex (CTC) formation which pose problems during processing. Therefore, several
approaches have been utilized to improve their melt and solution processability
without losing their advantageous properties.”**** The most popular approaches are
introduction of hinge atoms, flexible or kinked linkages, or non coplanar structure in
the polymer backbone which reduce chain crystallinity, CTC formation and electronic
polarization interactions. The variations in the structures of the diamine and
dianhydride have a remarkable effect on properties of the modified polyimides. The
incorporation of flexible linkages within or onto the backbone of polyimide will

increase segmental motion, disrupt close chain packing and provide an additional
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handle for interaction with solvent, thus it offers resulting polymer with lower T4 and
enhanced solubility. Therefore, large number of the efforts towards dropping the T,
and improving solubility of polyimides have centred on decreasing backbone rigidity
by the incorporation of flexible linkages.”® The selected examples of diamine,
diisocyanate and dianhydride monomers containing flexible alkyl linkages used for
the synthesis of polyimides are listed in Table 1.4.

Table 1.4 List of selected monomers containing flexible alkyl linkages used for

the synthesis of polyimides

Monomer structure Monomer structure
(Reference) (Reference)
H,N NH,
H,N NH,
-~ ;
s
R ¢H
R = C4Hy, C¢Hy3, CgH47, C1oH21, ( I 2)2
C42H2s5, C14H29, C16H33 CeFi3
(237) (238)
H,N NH,
\©/ H,N NH,
L
CI) “CnH2n+1
R

n=6,8,10,12, 14, 16
R = CHj3, C4Hg, CgH47, C1oH21, C1gH33, C1gHa7

241
(239, 240) (241)
H,N NH,
\©/ H,N NH,
c=0
¢=0
0
n
CnHznes n=1,3
n=10, 11, 12, 13, 14 ’
(243)

(242)
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Monomer structure

Monomer structure

(Reference) (Reference)
HzN\©/NH2 HZN\©:NH2
Ay OWO/R
c=0
=
0 o
HycACH), 0 \<CHZ>n\CH Q
(?Hz)n
(244) (245)
HZN\(;/NHZ HZN\Q/NHZ
H,N NH,
o=C 0o=C
OQ HN
CisH3q CisH34 (o) N (o)
H,N NH, ﬁ
\©: Q CqgH37
o
CrsHar (247)
154, 246
H,N NH,
H,N NH
R 2 Q 2
CysH
e oo )~ -
e (248)
(245)
) el PO
O HoN NH,
i\ R R

R = CHj3, C;Hs, CH(CH3),

(249) (250)
R
% R CO,C1gH3;
o
R -y
WeSest 2 2
R
o CO,C4gH37
R c.
Ne)
R
R = -0-(CH,),-CH3, n = 5, 8, 10, 12, 14, 16,18 (252)

(251)
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Monomer structure

Monomer structure

(Reference) (Reference)
F—Stho{H,C}-0
e )
e
o 0o
0(—CH2)1(1)—Stb—F
stb= ()7 v
SO;H SO;H
(253) (254)
OR
0=¢C O(CH,);SO;H
ey Wy W,
c=0 SO;H(H,C);0
OR
R = -CH,~(CH,),,4-CH; n=7,16,18 (256)
(255)
o NH,
1l HZN Q O
H,N o S (o] NH
. @ GOO Q .
C15H3q C15H3q ‘
CqsH
156, 257 157731
( ) (200)
SN
C-OR
O S I L et
RO-Cyq n=24,6,8,10, 12
R = CHj, C4Hg, CgH47, C12H2s5
(259, 260)
(258)
H,N NH,
O o % o
® ’ o
o OR o

R

R =CgH43, C12H25

(261)

R = C4Hg, CgHy7, C42H25

(258)
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Monomer structure Monomer structure
(Reference) (Reference)
OR
o OR o

R = CgH47, C42H2s, OOCBH17

(262, 263)

o 9 o
o o)
o o)
O or O
o o O
OR

R = CHj3, C4Hg, CgH,7, C42Ho5
(264, 265)

R—O OCN NCO
OCNQNCO \©/
O—R OR
R = C4Hg, C¢Hq3, C1oHa1, R = C4Hy, CgH17, C42Hzs5, C1gHss
C12H2s, C14Hz9, C46H33

(267)
(266)

R_OHZ

C
CH3
OCN O O NCO OCN NCO
CH20—R

R = C4Hq, CgH13, CgH47
(268)

(269-271)

1.3.3 Polyhydrazides and poly(1,3,4-oxadiazole)s
Polyhydrazides®’ are found to be interesting polymeric materials because they
have wide applications as fibers and membranes due to their excellent dyeability,
improved elasticity and fair absorption characteristics. Furthermore, polyhydrazides
serve as precursors to poly(1,3,4-oxadiazole)s and polytriazoles.””® Polyhydrazides
are also useful for preparation of chelating polymers since they possess hydrazide
group (-CO-NH-NH-CO-) which can form complex with metal ions.?” In general,

low temperature solution polymerization,’® interfacial polycondensation® and direct
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polycondensation using di- or triphenyl phosphate?’® have been used for the synthesis
of polyhydrazides.

Poly(1,3,4-oxadiazole)s are an useful class of high performance polymers
which find wide applications by virtue of high thermal stability as well as mechanical
properties, in combination with opto-electronic properties owed by the 1,3,4-
oxadiazole ring structure.?”’

1.3.3.1 Synthesis of polyhydrazides and poly(1,3,4-oxadiazole)s
1.3.3.1.1 Synthesis of polyhydrazides

In 1944, Moldenhnauer et al.?’® reported first synthesis of polyhydrazides by
polycondensation reaction of dicarboxylic acids or their derivatives viz., acid chloride
with hydazine. The convenient method for preparation polyhydrazides is
polycondensation of diacylhydrazides with dicarboxylic acids or their derivatives

such as diester, diacid chloride, etc.?”®

Generally, high molecular weight
polyhydrazides are obtained by polycondensation reaction of diacid chloride and
diacylhydrazide in N,N-dimethyl acetamide at low temperature®®® or by
polycondensation of diacylhydrazide and dicarboxylic acid via Yamazaki-Higashi
phosphorylation method in the presence of various condensing agents.? 282
1.3.3.1.2 Synthesis of poly(1,3,4-oxadiazole)s

Poly(1,3,4-oxadiazole)s have been synthesized by different methods.
Historically, various methods have been tried for the synthesis of poly(1,3,4-
oxadiazole)s. Scheme 1.18 depicts first method of synthesis by reaction of
ditetrazoles and diacids,?®® However, low molecular weight polymers were obtained
due to insolubility of the polymers. Thus, tetrazole monomers of various structures
were polymerized to get polymer with improved solubility, but the high molecular

weight polymers were not obtained.?®* Hence, the method is of historical interest only.

HN-N N~NH 5“";‘ N”"f
i ‘C-Ar—C° |+ CIOC—Ar—CoCl ————» \Ar— S—Ar
N=N nN=N -HCI, -N, o~ Ao .

Scheme 1.18 Synthesis of poly(1,3,4-oxadiazole)s with reaction between
ditetrazole and diacid chloride

In 1966, Saga and coworkers®® reported polycondensation of
bis(amidrazones) and diacid chlorides to form poly(N-acylamidrazone)s which were
cyclized to corresponding poly(1,3,4-oxadiazole)s. Further, a one step reaction

between dicarboxylic acids and bis(amidrazones) was carried out in a mixture of
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methanesulfonic acid and P,Os to form poly(1,3,4-oxadiazole)s (Scheme 1.19)%*®

However, formation of low molecular weight polymers and low accessibility of the
bis(amidrazone) monomers are the main limitations of the method.
H,NHN NHNH,

N—N N—N
< C. + CIOC—Ar—Cocl /Y I Y Ar
HN NH -NH3 (o) (o) .

Scheme 1.19 Synthesis of poly(1,3,4-oxadiazole)s using bis(amidrazones) and

diacid chlorides

The widely used method for preparation of poly(1,3,4-oxadiazole)s involves
two steps: 1) preparation of precursor polyhydrazide by polycondensation of
diacylhydrazide of carboxylic acid and diacid chloride 2) cyclization of
polyhydrazides to corresponding poly(1,3,4-oxadiazole)s either thermally (heating up
to 300°C) or chemically ( heating in dehydrating agents such as POCl3), as depicted in
scheme 1.20. The advantage of the two step method is the intermediate
polyhydrazides are processable and can be obtained in high molecular weight. The

method was first reported by Frazer et al.?®’

in 1964 and was further investigated for a
large number of monomers and various reaction conditions in different solvents viz.,
DMAc, NMP and HMPA %

(0] o o o
I I I I
H,NHNOC-Ar—CONHNH, + CIOC—Ar'—-COCl —> CNHNHC-Ar—CNHNHC-Ar'

-HCI
l.Hzo

N-N N-N
‘H »—Ar—< »—Ar'}
o o N
Scheme 1.20 Synthesis of poly(1,3,4-oxadiazole)s by two step route
The films or fibers of polyhydrazide can be converted into the corresponding
poly(1,3,4-oxadiazole) by slowly heating up to 300 °C for long period (up to 100 h).
The properties of poly(1,3,4-oxadiazole) obtained by thermal cyclization are mostly
dependent on the cyclization temperature. It was found that kinetics of thermal

cyclization of polyhydrazides follows first-order kinetic with slight deviation after

completion of 80% cyclisation.?”® This indicates the cyclization proceeds with
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increase in rigidity in polymer chains and at the end the reaction was slowed due to
limited diffusion.

One more method which has been extensively used to prepare poly(1,3,4-
oxadiazole)s is one-step polycondensation of aromatic dicarboxylic acids or their
derivatives such as ester, nitrile, amide, etc., with hydrazine (H,NNH,) or hydrazine
sulfate (Ho,NNH,.H,SO,) in fuming sulfuric acid (oleum)?®

acids®®® #*(Scheme 1.21)

N-N
n HOOCO—COOH + n H,NNH,H,S0, — > [
-H,0 o n

Scheme 1.21 Synthesis of poly(1,3,4-oxadiazole)s using hydrazine or hydrazine

or in a mixture of strong

sulfate
Among the methods and variations that have been investigated for the
preparation of aromatic poly(1,3,4-oxadiazole)s, the most useful from a practical
point of view are: 1) one-step polycondensation of dicarboxylic acids or their
derivatives with hydrazine or hydrazine sulfate, and 2) two-step polycondensation of
diacylhydrazides with diacid chlorides. Though the former method gives high
molecular weight polymers, it is only applicable for acid stable monomer and has
limited application due to strong acidic conditions. On other hand, latter method
provides polymers of not only high molecular weight but also it can be used for a
wide range of monomers.
1.3.3.2 Structure-property relationship in polyhydrazides and poly(1,3,4-
oxadiazole)s
Polyhydrazides and poly(1,3,4-oxadiazole)s represent a special class high
performance polymers so that they are utilized in small quantity for very high valued
end-applications in membrane materials, opto-electronic devices, etc.?? As
poly(1,3,4-oxadiazole)s have low solubility in common organic solvents, new
poly(1,3,4-oxadiazole)s containing bulky substituents on aromatic rings of backbone
or bulky groups such as hexafluoroisopropylidene or diphenyl silane in the backbone
or alkyl chain either as pendent or within polymer backbone with enhanced solubility
in common organic solvents and hence processability were synthesized. The list of
selected monomers used for synthesis of processable polyhydrazides and poly(1,3,4-

oxadiazole)s is presented in Table 1.5.2%%3%
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Table 1.5 List of selected monomers used for the synthesis of processable

polyhydrazides and poly(1,3,4-oxadiazole)s

Sr. No.

Monomer Structure

Reference

OR OR

HZNHNOCOCONHNHZ moc@—com

R = C;Hs, CsHqq, CgHq7, C1oH24

293

H2NHNOC4©70—(CH22‘704©700NHNH2

OR

cmc@—com R = CsHy4, CgHyy

294

HZNHNOCOXOCONHNHZ

X= C(CH3)2, O(CHz)GO, (o]
HOOC COOH

25

Ci2Hzs CqoHys

297

H2NHNOC\©/CONHNH2 HzNHNOC\©/CONHNH2

OCH; OCgH,;

moc@—o—écm)—oA@—com
5

298

OR OR
H2NHN004©700NHNH2 moc@—com
RO RO

C2Hs
R = C45Hy5, C1gH33, CH;-CH
SC,4H,

299-301

R = CH,, CF;

302

moc@o@o@—com
R

R= CH3, C(CH3)3

303
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Sr. No. Monomer Structure Reference

CIOCOO CH OOCOCI
8 + am 304

n=24,6,8,12

E/\A

C1oHa21 10H21 C4oHy4

c
cloc /s\ \S/ cocl cloc /S\ \s/ /S\ cocl

10 CioH21 306
CgHq7

CIOC@COC“

[T\

'Y -
/- T3

11 HZNHNOC/ZSj\CONHNHZ CiocC cocl 307

S

R = _CHz'CHz_ ] '(CH2)3'

1.3.4 Poly(arylene ether)s
Poly(arylene ether)s are well known high performance engineering
thermoplastics having significance in a wide range of applications viz., structural
resins, microelectronic components, gaskets and tubing.>® Poly(arylene ether)s have
extensive applications because of their outstanding physical properties such as high
modulus, toughness, good thermal and chemical stability. Generally, nucleophilic
aromatic substitution (SyAr) reaction between activated dihalides with bisphenols has

been used for preparation a variety poly(arylene ether)s. %% 309 310

1o~ OO

X =-CO-, SO,, etc.,
Y = -C(CHj3),-, -C(CF3),-, -O-, etc

Figure 1.8 A general structure of poly(arylene ether) backbone
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Figure 1.8 represents a general structure of poly(arylene ether) backbone,
where X is usually a carbonyl or sulfonyl group derived from the activated dihalide
and Y is any connecting group such as isopropylidene or a chemical bond.

1.3.4.1. Synthesis of poly(arylene ether)s
Poly(arylene ether)s can be synthesized by a variety of methods such as i)

electrophilic substitution ii) nucleophilic aromatic substitution,** 32

313-315;

iii) ring opening

of arylene ether cyclics, 316

iv) silyl ether displacement, and v) catalytic
coupling.®® 37 Out of these methods, the first two are most common and are
discussed in brief below:
1.3.4.1.1 Electrophilic route

Conventionally, poly(ether ketone)s (PEKs) and poly(ether sulfone)s have
been prepared by two types of reactions: Friedel-Crafts acylation or sulfonylation and
nucleophilic aromatic substitution (SNAr). Generally PEKs are semicrystalline
polymers with low solubility in common organic solvents. The initial research on
PEKSs was focused on finding a suitable solvent for their synthesis by Friedel-Crafts

acylation reaction. Bonner®'®

at DuPont has firstly achieved the synthesis of PEKs
using terephthaloyl chloride and diphenyl ether in nitrobenzene solvent in the
presence of catalysts such as aluminum chloride or antimony pentachloride (Scheme

1.22). But, he could obtain low molecular weight polymers only.

Do)+ aoe(Opoom s L0 ()2

Scheme 1.22 Synthesis of poly(ether ketone ketone) via Friedel-Craft acylation
Further, Goodman made use of dichloromethane as the solvent and

synthesized moderate molecular weight polymers.®*® p-Phenoxybenzoyl chloride

which is an AB type monomer under these reaction condition afforded poly(ether

|320

ketone) with high molecular weight. Iwakura et a demonstrated that

polyphosphoric acid was useful solvent to polymerize p-phenoxybenzoic acid to PEK

with moderate molecular weights. Marks et al**

made use of HF/BF; as solvent and
successfully synthesized high molecular weight PEK. Further,
trifluoromethanesulfonic acid as solvent and catalyst for PEK synthesis was
introduced by Rose.*?? However, handling of HF/BF; is not easy and
trifluoromethanesulfonic acid is expensive, as a result both solvents are not preferred

for industrial scale synthesis of PEK. Jansons et al®**® demonstrated applications of
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Lewis bases like N, N-dimethyl formamide, dimethyl sulfone, tetramethylene sulfone,
etc. as solvents for high molecular weight PEK synthesis. Similarly, poly(ether
sulfone)s could be obtained with Friedel-Crafts sulfonylation in presence of ferric
chloride in the place of aluminum chloride.
1.3.4.1.2 Nucleophilic route
This route is most commonly utilized for synthesis of poly(arylene ether)s and
involves nucleophilic aromatic substitution reaction of bisphenoxide with activated

dihalide. The polymerization reaction can be represented in Scheme 1.23

X =F, Cl, NO,

n

Scheme 1.23 Synthesis of poly(arylene ether)s by nucleophilic route

The presence of electron-withdrawing group viz., carbonyl or sulfone is
essential to activate aromatic dihalides. The order of reactivities in different aromatic
halides is F >> Cl > Br. Generally, for strong electron-withdrawing group such as
sulfone, the halide can be either -F or -Cl, but, for weak electron-withdrawing groups,
halide must be -F to obtain high molecular weights. In the case less reactive dihalides
like 4, 4’-dichlorobenzophenone, single electron transfer occurs as side reaction
leading to low molecular weight polymers.3* 3% Percec et al®® attempted
polymerization of dichloroketone monomers but unable to achieve high molecular
weight polymers consistently.

1.3%" used dimethyl sulfoxide as a solvent, sodium hydroxide as

Johnson et a
base to form bisphenoxide salt, chlorobenzene for azeotropic distillation of water
formed during reaction. However, the polymerization required bisphenol and sodium
hydroxide in the strict stoichiometry as excess of sodium hydroxide can react with
activated halide or ether linkages of the polymers which would reduce the molecular
weights. The next limitation of the method is the insolubility of sodium hydroxide
which prevents polymerization. The alkali metal carbonates viz., sodium and
potassium carbonate as base instead of sodium hydroxide were utilized by McGrath et

al.>*® Excess carbonates can be accepted as they are poor nucleophile compared with
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sodium hydroxide. Kricheldorf et al**® successfully synthesized poly(arylene ether)s
using silylated bisphenols in the presence of CsF as a catalyst. The side product of the
polymerization trimethylsilyl fluoride is a volatile which could be removed at high
temperature. Thus, polymerization was carried out at melt condition without solvent
and formation of salt.
1.3.4.2 Structure-property relationship in poly(arylene ether)s

Poly(arylene ether)s i.e. poly(ether ketone)s and poly(ether sulfone)s are well

recognized high performance polymers because of their outstanding chemical and

thermo-mechanical properties.®®® 3%

However, poly(ether ketone)s have high
crystallinity which hampers their solubility in common organic solvents resulting in
limited applications of these materials. A variety of approaches have been introduced
to modify of basic structure of PEEK in order to get different properties. The
structural changes mainly focused on the ratio and order of ether/ketone linkages;
introduction of meta kinks in backbone, incorporation of pendent alkyl or phenyl or
331, 332

bulky groups onto the polymer backbone, introduction of —CR;, or sulfone
groups in polymer backbone. These structural changes in PEEK, could decrease the
crystallinity and offered better solubility leading them toward the wider applications.
The selected examples of monomers containing flexible alkyl chains used for
synthesis of poly(arylene ether)s are given in Table 1.6.

Table 1.6 List of selected monomers containing flexible alkyl chains used for

synthesis of poly(arylene ether)s**%*
Sr. No. Monomer Reference
HO—<: E)—oH
' 333
CHj
HO OH
i 339
’ o on 333
HO OH
* 2 340
OCHj
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Sr. No. Monomer Reference
5 333
6 334

R/R'=H, CH,, CF,
CHs
7 R 335
R =C44Hy3, C47H35
CH,
8 (CHs) 336
CH,
n=24
HO
Qo
9 O N-R 337
o
H,C CH; H;,C  CH, CH;
H,C CH; H,C H,C  CHs
CH; HsC
HO OH
0 Cen
11 HyC 342
CH,3
0T
12 O 143
CqsH3q
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1.4 Summary

1. Furans, lignin and CNSL are the major bio-based renewable sources of

aromatic monomers useful for synthesis of high performance polymers and
could be considered as promising feedstocks for sustainable polymer
industry.

CNSL is an important source of natural phenols which is abundantly
available and inexpensive by-product of agricultural-based Cashew
Industry. CNSL has three reactive sites namely; phenolic hydroxyl group,
aromatic ring and unsaturation in alkenyl side chains which provide
opportunities for chemical transformations. Taking advantage of these
reactive sites, a wide range of difunctional monomers have been
synthesized. Still, there is a scope to explore potential use of CNSL for
synthesis of difunctional monomers for high performance polymers with
interesting properties such as improved solubility, melt processability, etc.
Thanks to aliphatic Cy5 chain which is responsible for packing disruption
in polymer chains and provides additional handle for interaction with
solvents.

High performance polymers have diverse applications in aerospace and
automotive industries, microelectronics, proton exchange membranes for
fuel cells, etc. because of their excellent thermal stability, chemical
resistance, mechanical strength and electrical properties. However, they
have limited solubility, high glass transition temperatures (Ty) and/or
melting temperatures (T,) which restricts their widespread applications.
Therefore, polymer chemistry is enriched with design and synthesis of new
monomers for preparation of high performance polymers with improved
processability characteristics. The study of preparations and properties of
various high performance polymers has revealed structure-property
relationship useful in designing and synthesis of polymers with desired
properties. The incorporation of pendent flexible alkyl chains is one of the

desired approaches used to improve polymer solubility and processability.
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Chapter 2 Scope and Objectives

It is difficult to imagine modern human life without the use of polymers.
Polymers have applications in food packaging, clothing, drugs, electronic circuits,
energy devices, automobile and aviation industries and so on. Polymers are utilized in
submarines moving at bottom of deep sea to satellite revolving in the space and their
use is necessary not only for lavish human life but also to fulfill fundamental human
needs. History tells that man has made widespread utilization of bio-based polymers
such as animal skin, plant fiber, flax, ramie, jute, silk, cotton, shellac, natural rubber,
celluloid (thermoset derived from camphor and cellulose), cellophane (produced from
cellulose), soybean-based composites, etc., throughout his journey. However, in 21%
century there have been major developments in petroleum refining and synthetic
chemistry as a result of industrial revolution which gave birth to polymer technologies
producing a variety synthetic polymers such as Bakelite, nylons, polyesters, synthetic
rubbers, polyolefins, and so on.' 2 The production of these polymers has grown to
such an extent that, the present age is known as ‘Polymer Age’

In recent years, depletion of petroleum resources and environmental awareness
has been turning the attention of polymer chemists to produce monomers and
polymers from renewable resource materials. However, at present the renewable
biopolymers have higher cost and limited applications as compared to petroleum-
based polymers. Therefore, synthesis of low cost and scalable monomers and
polymers from non-edible renewable biomass is the challenge to polymer chemists
worldwide. In this context, monomers and polymers derived from renewable
resources Vviz., monosaccharides, fatty acids, starch, cellulose, lactic acid, natural
amino acids, etc. have been reported in the literature.>® However, there have been
several difficulties in production of chemicals and monomers from the biomass,
particularly extraction or isolation of such chemicals from biomass. Therefore, the
concept of the bio-refinery is very crucial for exploitation of biomass into monomers
and polymers.”

For synthesis of bio-based monomers and polymers, generally following two
approaches are utilized: i) synthesis of polymers composed of entirely renewable
materials and ii) synthesis of partially renewable polymers in combination with
petroleum-based components. Further, depending upon the end application, there have
been efforts: a) to reproduce existing petroleum-based monomers (‘drop-in’ substitute
or bioreplacement), b) to obtain new monomers providing new polymers which could

mimic commodity polymers and c) to synthesize newer polymers with advantageous
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properties over petroleum-based polymers i.e. bioadvantaged polymers.®  The
production of polymers from biomass should be knowledge intensive and take
advantage of the structure of the biomass.®

High performance/ high temperature polymers is one of the speciality and well
recognized areas of polymer science for more than 60 years.'® Generally, aromatic
difunctional monomers are required for the preparation of high performance
polymers. There is a great interest to find biobased alternative building-blocks for the
synthesis of high performance polymers. However, most of the renewable resources
mentioned earlier provide aliphatic monomers and polymers. Aromatic difunctional
monomers can be derived from renewable resources such as lignin, cashew nut shell
liquid (CNSL) and tannin.*> *2 Lignin and CNSL are of particular interest as they are
the sources of natural phenols and have been utilized to obtain aromatic difunctional
monomers.

CNSL is a non-edible oil and is the by-product of agro-based cashew processing
industry. CNSL contains various phenols with a long unsaturated 15- carbon chain.
The extraction, purification, composition and chemistry of CNSL has been thoroughly
reviewed in the literature.*> > ** The reactivity of phenolic hydroxyl group, aromatic
ring and unsaturation in side chain makes CNSL an interesting raw material for
synthesis of polymers and additives for polymers. A great deal of research work is
being devoted for utilization of CNSL as a promising alternative for petroleum-based
derivatives. CNSL has found applications in phenolic resins, break linings, surface
coatings, etc.'**® CNSL has been used in the preparation of many speciality materials
such as liquid crystalline polyesters, polyurethanes, phenalkamine cross-linking
agents, cross-linkable polyphenols and various speciality polymers and additives.'**°

The important features of CNSL as a versatile starting material are: inexpensive,
abundant availability and chemically reactive nature. The polymers derived from
CNSL exhibit flexibility due to the presence of long C-15 hydrocarbon chain resulting
in improved processability. Although there are number of literature reports on
utilization CNSL, many areas remained which are yet to utilize this attractive raw
material. The previous work from our group has resulted into utilization of CNSL as a
starting material for synthesis of difunctional monomers for preparation of high
performance polymers with improved solubility and processability.* Thus, design
and synthesis of difunctional step-growth monomers containing special structural

features starting from CNSL is an interesting strategy.
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High performance polymers such as polyesters, polyimides, poly(1,3,4-
oxadiazole)s, poly(arylene ether)s, etc. exhibit unique combination of properties such
as high thermal stability, high mechanical properties and excellent chemical
resistance.’® These polymers find applications in aviation, automobile and electronic
industries. However, the poor solublity in common organic solvents, coupled with
high melting (Tm) and glass transition temperature (Tg) results in poor processability
which results from the presence of rigid backbone and strong interchain interactions
from symmetrical and polar groups. Solubility / processability of these polymers can
be improved by (i) introducing flexible linkages in the polymer backbone; (ii)
introducing monomer with crank shaft or bent units along the backbone or (iii) the use
of bulky side groups or flexible side chains.?® ?* These approaches work by forcing
the chains apart and lead to the improved solubility and better processability. The
objective of processability thus could be achieved with design and synthesis of
difunctional monomers containing special structural features that disturb chain
packing and structural regularity in polymer backbone.

Additionally, the present work was devoted for the synthesis of cyanate ester and
bismaleimide with wider processing window (temperature gap between melting and
curing temperatures) based on monomers containing pentadecyl chain.?? Also it was
anticipated that the incorporation of pentadecyl chain in thermosetting resins viz.,
cyanate esters, bismaleimide and epoxy resins would lead to improved toughnesss and
impact strength.

The present work involved utilization of 3-pentadecyl phenol as a starting material
which in turn is obtained from CNSL- a renewable resource material. The
difunctional monomers were designed in such way that they possess one or more of
the structural features such as: i) presence of flexible ether linkage, ii) non-symmetry
in the structure and iii) the naturally gifted pendent pentadecyl chain. Thus, overall
objectives of the present thesis are:

1. Design and synthesis of new difunctional monomers such as bisphenol,
diamine, diacid, dialdehyde and diacylhydrazide containing flexible ether
linkages and pendent pentadecyl chain starting from renewable resource
material-CNSL.

2. Synthesis of difunctional monomers viz., dibromide, diacid, diacylhydrazide
and diphenol containing biphenylene unit and pendent pentadecyl chain(s)
starting from CNSL.
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10.

11.

12.

13.

14.
15.

3. Synthesis of thermoplastics viz., polyesters, polyimides, poly(arylene ether)s,

polyhydrazides, poly(1,3,4-oxadiazole)s and thermosets viz., cyanate ester,

bismaleimide and epoxy resin using selected synthesized monomers.

. To investigate the effect of pendent pentadecyl chains and flexible ether

linkages primarily on the polymer properties such as solubility, crystallinity,

thermal properties, etc.
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Chapter 3 Synthesis and Characterization of Condensation Monomers

3.1 Introduction

The structure of the monomer plays a pivotal role in deciding the properties of
polymer and with the selection of appropriately designed monomers the properties of
polymer could be tailored.” > Therefore, synthesis of polymers exhibiting targeted
properties is usually pioneered with the synthesis of desired monomers. A variety of
difunctional monomers have been synthesized to modify the properties of high
performance/ thermally stable polymers and address the issues such as insolubility in
common organic solvents and higher transition temperatures (T4 and Ty,) which are
generally encountered with these polymeric materials.> The polymer chemistry is
enriched with the outstanding approaches devoted for incorporating the structural
features in the monomer structure that lead to improved processability of high
performance polymers.* These structural features in monomers have also opened the
opportunities for newer applications for high performance polymers in the areas such
as automobile, aerospace, electronics, membranes, energy devices, etc.”

There has been a constant search for new difunctional monomers such as
bisphenols, diamines, diacids, dialdehydes, diisocyanates, etc. for synthesis of high
performance polymers with modified structures. Moreover, the cost and availability of
raw materials as well as energy and environmental concerns are crucial factors for
introduction of new monomers and polymers in the market.

In last two to three decades, extensive research efforts in alternative chemicals
derived from renewable resource materials have been encouraged due to the predicted
shortage of fossil resources and their unstable prices. Therefore, synthesis of
monomers and polymers from renewable resource materials has become an interesting
topic of research for polymer scientists worldwide. In this respect, monomers and
polymers derived from renewable resources such as monosaccharides, plant oils,
starch, cellulose, lactic acid, natural amino acids, etc. have been reported in the
literature.® ” These aforementioned renewable resources provide aliphatic monomers
and polymers. Aromatic difunctional monomers are desirable for synthesis of high
performance/high temperature polymers. Lignin and CNSL are the two viable sources
of natural phenols and these have been exploited to obtain aromatic difunctional
monomers useful for synthesis of high performance polymers.® °

In this dissertation, new difunctional monomers viz; dialdehyde, bisphenols,

diamine, dihalide, dinitrile, diacids and diacylhydrazides were synthesized starting
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from 3-pentadecyl phenol which in turn is obtained from CNSL-a renewable resource

material. (Figure 3.1)

OHCOO CHO

C15H31

CysHzy

HOOCCOOH

c15H31 / \
H,NHNOC o CONHNH
H2NHN0CCONHNH2 2 O QOOOO 2
c15H31 C‘|5H31

Figure 3.1 CNSL-derived difunctional monomers
3.2 Experimental
3.2.1 Materials
3-Pentadecyl phenol, copper powder, bromobenzene, copper cyanide,
palladium-on-carbon, ruthenium-on-carbon, n-butyl lithium, calcium hydride, N-
bromo succinimide, 4-methoxy phenol, tetra-n-butylphosphonium bromide, 4-
fluorobenzonitrile,  4-methoxy  phenyl  boronic  acid, tetrakis(triphenyl
phosphine)palladium, bis(1,5-cyclooctadiene)nickel, 1,5-cyclooctadiene, bipyridine,
phenyl boronic acid and ethylene glycol (Aldrich Chemicals) were used as received.
Methyl iodide, trifluoromethane sulfonic anhydride, thionyl chloride, copper cyanide,
ferric chloride and iodine were procured from Spectrochem. Bromine, ammonia
solution, copper sulfate, hydrochloric acid, sulfuric acid, pyridine, triethyl amine,
ethanol, glacial acetic acid, 1-chloro-4-nitrobenzene, hydrobromic acid, silica gel and
celite (Merck, India and E-Merck Germany) were used as received. Potassium
hydroxide, sodium chloride, sodium carbonate, sodium bicarbonate, sodium sulfate,
potassium carbonate and magnesium sulfate (Loba Chemie) were used as received.
Hydrazine hydrate (99%) (S.D. Fine., India) was used as received. The solvents were
of reagent grade quality and were purified prior to use according to the reported

procedures.®
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3.2.2 Measurements

Melting points were measured by open capillary method and are uncorrected.

FT-IR spectra were recorded on a Perkin-Elmer 599B spectrophotometer in
chloroform or as KBr Pellets.

NMR spectra were recorded on a Bruker 200, 400 or 500 MHz spectrometer at
resonance frequencies of 200, 400 or 500 MHz for *H and 50, 100 or 125 MHz for
3C measurements using CDCl; or DMSO-ds as a solvent.

3.3 Preparations
3.3.1 Synthesis of 4-(4-formylphenoxy)-2-pentadecylbenzaldehyde:
3.3.1.1 Synthesis of 3-pentadecyl phenol

Cardanol (500 g, 1.64 mol) was dissolved in isopropanol (2 L) and was
hydrogenated in the presence of 5% Pd/C (1.5 g) catalyst at 70 °C in a Parr autoclave
at 600 psi hydrogen pressure. When no more hydrogen absorption was noticed, the
hydrogenation was stopped. The reaction mixture was filtered to remove Pd/C. The
solvent was evaporated to obtain crude product. Pure 3-pentadecyl phenol was
obtained by recrystallization from hexane (40-60 °C).

Yield: 480 g (95%);
M.P.: 50-51°C (Lit. M.P.: 50-51°C)*
3.3.1.2 Synthesis of 1-pentadecyl-3-phenoxy benzene

Into a 1000 mL two necked round bottom flask fitted with a Dean and Stark
assembly with a reflux condenser were taken 3-pentadecyl phenol (100 g, 0.33 mol),
potassium hydroxide (22.06 g, 0.39 mol), N,N-dimethylacetamide (300 mL) and
toluene (150 mL). The reaction mixture was refluxed for 7 h and the by-product water
formed was removed from the reaction mixture azeotropically. After completion of
the reaction, the solvents were distilled off and the dark sticky product was dried
under reduced pressure. The product obtained was potassium salt of 3-pentadecyl
phenol.

Into a 1000 mL round bottom flask containing potassium salt of 3-pentadecyl
phenol (111 g, 0.32 mol) was added bromobenzene (50.88 g, 0.32 mol), followed by
addition of Cu powder (2.22 g, 2 wt%) and N,N-dimethylacetamide (150 mL). The
reaction mixture was refluxed for 10 h. After completion of the reaction, the obtained
dark colored reaction mixture was poured into water (500 mL); the Cu salts were
removed by filtration. The filtrate was extracted with ethyl acetate (2 x 100 mL)

washed with water (3 x 100 mL) and ethyl acetate solution was dried over sodium
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sulfate. The solvent evaporation yielded crude 1-pentadecyl-3-phenoxy benzene. Pure
1-pentadecyl-3 —phenoxy benzene was obtained by silica gel (60- 120 mesh) column
chromatography (eluent: pet ether).
Yield: 74 g (60 %);
M.P. 32 °C (Lit. M.P.: 32 °C)*?
IR (cm™): 1250 (Ar-O-Ar stretching)
'H NMR (200 MHz, CDCls3) 6 = 6.84 - 7.34 (m, 9 H), 2.57 (t, 2 H), 1.57-1.61 (m, 2
H), 1.20-1.32 (m, 24 H), 0.88 (t, 3 H)
3C NMR (50 MHz, CDCls) & = 157.4, 157.0, 145.0, 129.6, 129.4, 123.4, 122.9,
119.0, 118.7, 116.0, 35.8, 31.9, 31.3, 29.7, 29.5, 29.4, 22.7, 14.2
3.3.1.3 Synthesis of 1-bromo-4-(4’-bromophenoxy)-2-pentadecyl benzene

Into a 500 mL three necked round bottom flask equipped with a stirrer, a
condenser, a dropping funnel and a thermometer were placed 1-pentadecyl-3-phenoxy
benzene (25.0 g, 66 mmol) and dichloromethane (150 mL). Bromine (22.08 g, 0.14
mol) was added to the reaction mixture while protecting from light. The top of the
condenser was equipped with a trap to absorb HBr released during reaction. The
reaction mixture was maintained at a temperature between -5 to 0 °C during the
addition of bromine. After completion of bromine addition, the reaction mixture was
stirred at the same temperature for 1h and then overnight at room temperature. After
completion of the reaction, excess of bromine and HBr were neutralized with 10%
aqueous ammonia (100 mL). The two phases formed in the reaction mixture were
separated, and the organic layer was washed with water (2 x 300 mL). The
dichloromethane solution was dried over sodium sulfate, filtered and dichloromethane
was removed by distillation on a rotary evaporator. Pure 1-bromo-4-(4’-
bromophenoxy)-2-pentadecyl benzene was obtained by silica gel (60-120 mesh)
column chromatography (eluent: pet ether).
Yield: 30 g. (85 %);
M.P. 43 °C (Lit. M.P.: 43 °C)"?
'H NMR (200 MHz, CDCls) & = 7.40-7.49 (m, 3 H), 6.85-6.89 (m, 3H), 6.69 (dd,
1H), 2.67 (t, 3H), 1.56-1.60 (m, 2H), 1.20-1.32 (m, 24H), 0.88 (t, 3H)
3C NMR (50 MHz, CDCl3) & = 156.2, 155.9, 144.0, 133.7, 132.7, 120.7, 120.3,
118.3,117.9, 115.9, 36.3, 31.9, 29.7, 29.6, 29.4, 22.7, 14.1
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3.3.1.4 Synthesis of 4-(4-formylphenoxy)-2-pentadecylbenzaldehyde
Into a 250 mL three necked round bottom flask equipped with a magnetic

stirring bar were taken 1-bromo-4-(4-bromophenoxy)-2-pentadecylbenzene (5.38 g,
10.0 mmol) and dry tetrahydrofuran (50 mL) and reaction mixture was cooled to -78
°C under nitrogen atmosphere. n-BuLi (13.75 mL, 1.6 M in hexane, 22.0 mmol) was
added to the reaction mixture which was followed immediately by addition of dry
N,N-dimethylformamide (3.1 mL, 40.0 mmol). The resulting mixture was stirred at -
78 °C for 30 min and then warmed to room temperature and stirred for additional 1h.
Subsequently, the mixture was stirred with 1M aqueous HCI (20 mL) for 10 min, then
the mixture was concentrated and the residue was dissolved in ethyl acetate. The ethyl
acetate solution was washed with saturated aqueous NaHCOg3 solution, brine, and
dried over MgSQO,. The solvent was removed and the residue was purified by silica
gel column chromatography, using silica gel and a mixture of pet ether and ethyl
acetate  (10:1, (viv)) as an eluent to give 4-(4-formylphenoxy)-2-
pentadecylbenzaldehyde.
Yield: 2.61 g (60 %);
M.P.: 52 °C
IR (cm™): 1700 (-C=0 stretching)
'H NMR (200 MHz, CDCl3) & = 10.22 (s, 1 H), 9.97 (s, 1 H), 7.80-7.99 (m, 3 H),
7.10- 7.20 (m, 2 H), 6.85-7.03 (m, 2 H), 3.09 (t, 2 H), 1.50 -1.72 (m, 2 H), 1.20-1.37
(m, 24 H), 0.83-0.93 (t, 3 H)
13C NMR (50 MHz, CDCl3) & = 190.7, 190.6, 161.2, 160.0, 148.9, 133.9 132.3, 132.0,
129.9, 120.9, 119.2, 116.8, 32.5, 32.1, 31.9, 29.7, 29.4, 22.7, 14.12

3.3.2 Synthesis of 4-(4-hydroxyphenoxy)-3-pentadecylphenol

3.3.2.1 Synthesis of 3-pentadecyl anisole

Into a 1000 mL round bottom flask equipped with a magnetic stirrer bar were

placed 3-pentadecyl phenol (100 g, 0.33 mol), dimethyl sulfoxide (400 mL),
potassium hydroxide (20.16 g, 0.36 mol) and methyl iodide (22.5 mL, 0.36 mol) and
the mixture was stirred at room temperature for 12 h. The reaction mixture was
treated with water and 3-pentadecyl anisole was extracted with ethyl acetate, washed
with brine solution and dried over sodium sulfate. 3-Pentadecyl anisole was purified
by column chromatography (eluent: petroleum ether).
Yield: 100 g, (95 %)
M.P.: 28 °C (Lit. M. P.: 27-28 °C)*
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IR (cm™): 1261 (Ar-O-C stretching)
'H NMR (200 MHz, CDCl3) & 7.15 - 7.23 (m, 1H), 6.71 - 6.79 (m, 3H), 3.80 (s, 3H),
2.58 (t, 2H), 1.54 - 1.75 (m, 2H), 1.25-130 (m, 24H), 0.88 (t, 3H)
3C NMR (50 MHz, CDCl3) § 159.54, 144.63, 129.12, 120.85, 114.18, 110.76, 55.09,
36.03, 31.92, 31.40, 29.67, 29.52, 29.36, 22.69, 14.12
3.3.2.2 Synthesis of 4-bromo-3-pentadecyl anisole
Into a 500 mL round bottom flask equipped with a magnetic stirrer bar were
added 3-pentadecyl anisole (50 g, 0.157 mol), dry acetone (300 mL), and N-bromo
succinimide (27.94 g, 0.157 mol). Hydrochloric acid (0.15 mL, 1.57 mmol) was
added to the reaction mixture at room temperature. The resulting yellow solution was
stirred until the solution became colorless. The acetone was removed in vacuum and
150 mL of hexane was added. After cooling the mixture in an ice bath, the
succinimide was removed by filtration. Removal of hexane under vacuum yielded the
crude product. 4-Bromo-3-pentadecyl anisole was purified by column
chromatography (eluent: petroleum ether).
Yield: 56 g, (90 %)
M.P.: 40 °C
IR (cm™): 801 (C-Br stretching), 1243 (Ar-O-C stretching)
'H NMR (200 MHz, CDCls) & = 7.40 (d, 1 H), 6.76 (d, 1 H), 6.61 (dd, 1 H), 3.78 (s, 3
H), 2.67 (t, 2 H), 1.51 - 1.67 (m, 2 H), 1.20 - 1.41 (m, 24 H), 0.89 (t, 3 H)
3C NMR (50 MHz, CDCl3) & = 158.83, 143.15, 133.11, 115.95, 114.93, 112.77,
55.35, 36.40, 31.92, 29.89, 29.68, 29.36, 22.69, 14.11
3.3.2.3 Synthesis of 4-methoxy-1-(4-methoxyphenoxy)-2-pentadecylbenzene
Into a 500 mL two necked round bottom flask fitted with a Dean and Stark
assembly with a reflux condenser were taken 4-methoxy phenol (12.9 g, 0.080 mol),
potassium hydroxide (5.3 g, 0.088 mol) N,N-dimethylacetamide (75 mL) and toluene
(50 mL). The reaction mixture was refluxed for 7 h and the by-product water formed
was removed from the reaction mixture azeotropically. After completion of reaction,
toluene was distilled off and the reaction mixture was cooled to room temperature.
Into the solution of potassium salt of 4-methoxy phenol in N,N-dimethylacetamide
was added 4-bromo-3-pentadecyl anisole (30 g, 0.075 mol), followed by Cu powder
(0.300 g, 2 wt %) and N,N-dimethylacetamide (25 mL). The reaction mixture was
heated at reflux for 6 h. After completion of the reaction, the obtained dark colored

reaction mixture was poured into water (100 mL) and the Cu salts were removed by
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filtration. The filtrate was extracted with ethyl acetate (2 x 25 mL), washed with
saturated aqueous sodium chloride solution (2 x 20 mL) followed by water (3 x 20
mL) and dried over sodium sulfate. Solvent evaporation yielded crude 4-methoxy-1-
(4-methoxyphenoxy)-2-pentadecylbenzene  which was purified by column
chromatography (eluent: petroleum ether: ethyl acetate:: 90:10, v/v)
Yield: 20 g (60 %).
IR (cm™): 1209 (Ar-O-Ar stretching) and 1260 (Ar -O-C stretching)
'H NMR (200 MHz, CDCl3) 6 = 6.82 (bs, 4 H), 6.80 - 6.77 (m, 2 H), 6.67 (dd, 1 H),
3.79 (s, 3H), 3.78 (s, 3H), 2.56 (t, 2 H), 1.66 - 1.51 (m, 2 H), 1.25 (bs., 24 H), 0.88 (t,
3 H).
3¢ NMR (50 MHz, CDCI3) 6 = 155.63, 154.75, 152.58, 148.62, 135.61, 120.44,
118.01, 115.79, 114.69, 111.73, 55.63, 55.54, 35.87, 31.90, 29.96, 29.68, 29.56,
29.42,22.68, 14.12

3.3.2.4 Synthesis of 4-(4-hydroxyphenoxy)-3-pentadecylphenol (HPPDP):

Into a 250 mL round bottom flask equipped with a magnetic stirrer bar were
taken 4-methoxy-1-(4-methoxyphenoxy)-2-pentadecylbenzene (4.40 g, 10 mmol),
tetra-n-butylphosphonium bromide (6.78 g, 20 mmol) and 48% HBr (40 mL) and the
reaction mixture was heated at reflux temperature for 6 h. Water (100 mL) was added
to the reaction mixture and the mixture was extracted with ethyl acetate. The ethyl
acetate solution was washed with brine, dried over sodium sulfate and concentrated in
vacuum to obtain crude HPPDP which was purified by column chromatography
(eluent: petroleum ether:ethyl acetate :: 70:30 v/v).

Yield: 3.3 g (80%);
M.P.: 76 °C
IR (cm™): 3325 (Phenolic O-H); 1204 (Ar-O-Ar stretching)
'H NMR (400 MHz, CDCls) & = 6.78 (d, 4 H), 6.75 -6.70 (m, 2 H), 6.61 (dd, 1 H),
458 (bs, 2 H), 2.51 (t, 2 H), 1.65 -1.56 (m, 2 H), 1.33 - 1.11 (m, 24 H), 0.87 (t, 3 H)
3¢ NMR (50 MHz, CDCl3) 6 = 152.52, 151.43, 150.44, 148.51, 135.92, 120.68,
118.16, 116.89, 116.10, 113.44, 31.91, 29.96, 29.68, 29.56, 29.42, 22.68, 14.12
3.3.3 Synthesis of 4-(4-(4-(4-aminophenoxy)-2-
pentadecylphenoxy)phenoxy)aniline
3.3.3.1 Synthesis of 4-(4-nitrophenoxy)-1-(4-(4-nitrophenoxy)phenoxy)-2-

pentadecylbenzene
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Into a 250 mL round bottom flask equipped with a magnetic stirrer, a nitrogen
inlet and a reflux condenser were placed 4-(4-hydroxyphenoxy)-3-pentadecylphenol
(8.16 g, 0.026 mol), p-chloronitrobenzene (8.19 g, 0.052 mol), potassium carbonate
(7.75 g, 0.056 mol) and anhydrous N,N-dimethylformamide (90 mL). The mixture
was refluxed under the stream of nitrogen for 10 h. The reaction mixture was then
cooled to room temperature and poured into water (500 mL). The product was
extracted with ethyl acetate, washed with water and brine. The ethyl acetate solution
was dried over sodium sulfate and concentrated in vacuum to obtain crude product.
4-(4-Nitrophenoxy)-1-(4-(4-nitrophenoxy)  phenoxy)-2-pentadecylbenzene  was
purified by column chromatography. (Eluent: pet ether: ethyl acetate; 90:10; v:v)
Yield: 15.20 g (90 %)

IR: 1513, 1341 cm™ (asymmetric and symmetric stretching of -NO,, respectively)
'H NMR: (200 MHz, CDCls) & = 8.21 (dd, 4H), 6.93-7.05 (m, 11H), 2.63 (t, 2H), 1.59
(m, 2H), 1.20-1.30 (m, 24H), 0.87 (t, 3H)
3¢ NMR (50MHz, CDCl3) 6 = 163.7, 163.6, 155.2, 151.5, 150.5, 149.5, 142.5, 136.9,
125.9, 122.6, 122.0, 120.9, 119.0, 116.7, 116.6, 31.9, 30.1, 29.8, 29.7, 29.5, 29.3,
22.7,14.1
3.3.3.2. Synthesis of 4-(4-(4-(4-aminophenoxy)-2-
pentadecylphenoxy)phenoxy)aniline

Into a 250 mL three necked round bottom flask equipped with a magnetic
stirrer, a nitrogen inlet and a reflux condenser were placed 4-(4-nitrophenoxy)-1-(4-
(4-nitrophenoxy)phenoxy)-2-pentadecylbenzene (10.46 g, 0.016 mol), ethanol (100
mL) and 10 wt% Pd/C (0.2 g). To the reaction mixture was added hydrazine hydrate
(6 mL) dropwise over a period of 1 h at reflux temperature under inert atmosphere.
The mixture was refluxed for additional 4 h. The completion of reaction was
confirmed by TLC and reaction mixture was poured into water. The product was
extracted with dichloromethane, dried over sodium sulfate and purified by column
chromatography over basic alumina. (eluent: dichloromethane)

Yield: 8.57 g (90 %)

IR: 3441, 3344 cm™ (N-H stretching)

'H NMR (200 MHz, CDCl3) & = 6.77-6.89 (m, 10H), 6.65-6.69 (m, 5H), 3.56 (br. s.,
4H), 2.54 (t, 2H), 1.55 (m, 2H), 1.20-1.30 (m, 24H), 0.88 (t, 3H)

3C NMR (50 MHz, CDCls) & = 154.4, 153.4, 149.5, 149.2, 142.3, 120.5, 120.4,
120.3,119.4,118.7, 118.2, 116.2, 115.7, 31.9, 30.1, 30.0, 29.7, 29.5, 29.4, 22.6, 14.1
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3.34 Synthesis of 4-(4-(4-(4-(hydrazinocarbonyl)phenoxy)-2-

pentadecylphenoxy)phenoxy) benzohydrazide

3.3.4.1. Synthesis of 4-(4-(4-(4-cyanophenoxy)-2-

pentadecylphenoxy)phenoxy)benzonitrile

Into a 100 mL two necked round bottom flask equipped with a nitrogen inlet,

a reflux condenser and a magnetic stirrer were placed 4-(4-hydroxyphenoxy)-3-
pentadecylphenol (20 g, 0.064 mmol), 4-fluorobenzonitrile (16.12 g, 0.13 mmol),
potassium carbonate (17.98 g, 0.13 mmol) and N,N-dimethyl formamide (200 mL).
The reaction mixture was refluxed for 6 h under nitrogen atmosphere. The reaction
mixture was cooled and poured into water and the product was extracted with ethyl
acetate, washed with brine and dried over sodium sulfate. The filtered ethyl acetate
solution was concentrated under reduced pressure to get crude 4-(4-(4-(4-
cyanophenoxy)-2-pentadecylphenoxy)phenoxy)benzonitrile which was purified by
silica gel column chromatography using a mixture of pet ether and ethyl acetate
(90:10; v:v) as an eluent.
Yield: 35 g (90%)
IR (cm™): 2227 (-CN stretching)
'H NMR: (200 MHz, CDCl5) & = 7.61 (dd, 4H), 6.98-7.03 (m, 11H), 2.62 (t, 2H), 1.58
(m, 2H), 1.24 (bs., 24H), 0.87 (t, 3H)
3¢ NMR (50 MHz, CDCI3) 6 = 161.9, 155.1, 151.4, 150.6, 149.6, 136.8, 134.1,
122.5, 121.9, 120.9, 119.0, 118.8, 117.5, 117.4, 105.7, 31.9, 31.1, 29.9, 29.7, 29.4,
22.7,14.1

3.34.2 Synthesis of 4-(4-(4-(4-carboxyphenoxy)-2-

pentadecylphenoxy)phenoxy)benzoic acid

Into a 250 mL single necked round bottom flask equipped with a magnetic

stir bar and a reflux condenser were added 4-(4-(4-(4-cyanophenoxy)-2-
pentadecylphenoxy)phenoxy)benzonitrile (15 g, 0.024 mol), potassium hydroxide
(20.59 g, 0.37 mol), ethylene glycol (200 mL) and water (40 mL). The reaction
mixture was refluxed for 24 h. After completion of reaction, the reaction mixture was
diluted with water and poured into excess of concentrated hydrochloric acid. Crude 4-
(4-(4-(4-carboxyphenoxy)-2-pentadecylphenoxy)phenoxy)benzoic acid precipitated
as a grey solid which was filtered and thoroughly washed with water. The product
was dissolved in aqueous potassium hydroxide solution and was precipitated by

addition of concentrated hydrochloric acid (pH=2). The solid was filtered and washed
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repeatedly with water and dried. 4-(4-(4-(4-Carboxyphenoxy)-2-
pentadecylphenoxy)phenoxy)benzoic acid was purified by silica gel column
chromatography (eluent: pet ether: ethyl acetate, 80:20, v/v).
Yield: 14 g (88 %)
M.P.: 112 °C
IR (cm™): 1684 (-C=0 stretching)
'H NMR: (200 MHz, CDCls) & = 8.07 (dd, 4H), 6.93-7.04 (m, 11H), 2.62 (t, 2H), 1.60
(m, 2H), 1.24 (bs., 24H), 0.86 (t, 3H)
3C NMR (50 MHz, DMSO-dg) & = 166.3, 161.1, 161.0, 154.0, 150.5, 150.1, 149.4,
135.4, 131.2, 124.6, 121.6, 120.8, 118.6, 118.2, 116.3 116.1, 30.9, 28.9, 28.6, 28.4,
28.3,28.22,21.7,135
3.3.4.3 Synthesis of methyl 4-(4-(4-(4-(methoxycarbonyl) phenoxy)-2-
pentadecyl phenoxy) phenoxy) benzoate

Into a 250 mL two necked round bottom flask equipped with a magnetic stirrer
and a reflux condenser were placed  4-(4-(4-(4-carboxyphenoxy)-2-
pentadecylphenoxy)phenoxy)benzoic acid (14.0 g, 21.4 mmol) and 3 drops of N,N-
dimethylformamide. Thionyl chloride (100 mL) was added dropwise over a period of
30 minutes and the reaction mixture was refluxed for 6 h. Excess thionyl chloride was
removed by distillation under reduced pressure and to the residue was added dry
toluene (25 mL). Toluene was distilled off under reduced pressure to remove the
traces of thionyl chloride. This procedure was repeated twice.

Into a 250 mL three necked round bottom flask equipped with a magnetic
stirrer, a reflux condenser and two dropping funnels was placed 4-[4’-
(chlorocarbonyl)phenoxy]-2-pentadecyl benzoyl chloride (15.10 g, 29.9 mmol).
Pyridine (4.73 g, 59.8 mmol) and methanol (75 mL) were added dropwise to the
reaction mixture over a period of 10 minutes and the reaction mixture was refluxed
for 5 h. Excess methanol was removed by distillation under reduced pressure. The
obtained brown colored solution was extracted with ethyl acetate (2 x 200 mL),
washed with saturated aqueous sodium chloride solution (2 x 100 mL) followed by
water (3 x 100 mL) and dried over sodium sulfate. Solvent evaporation yielded crude
methyl 4-(4’-methoxycarbonyl)phenoxy)-2-pentadecyl benzoate. Pure 4-(4’-methoxy
carbonyl)phenoxy)-2-pentadecyl benzoate was obtained after silica gel (60-120 mesh)
column chromatography (eluent: pet ether:ethyl acetate; 85:15; v/v).
Yield: 12.6 g (85%)

Savitribai Phule Pune University 74 CSIR-National Chemical Laboratory



Chapter 3 Synthesis and Characterization of Condensation Monomers

M. P. 65 °C
IR (cm™): 1714 (-C=0 stretching)
'H NMR (200 MHz, CDCl3) & = 8.0 (dd, 4H), 6.86-7.05 (m, 11H), 3.90 (d, 6H), 2.61
(t, 2H), 1.60 (m, 2H), 1.20-1.30 (m, 24H), 0.87 (t, 3H)
3C NMR (100 MHz, CDCls) & = 166.6, 162.3, 162.2, 154.8, 151.3, 151.1, 150.3,
136.5, 131.7, 124.3, 124.2, 122.2, 121.6, 120.8, 118.8, 118.7, 116.8, 116.7, 52.0, 31.9,
30.1, 29.9, 29.7, 29.6, 29.5, 29.4, 29.3, 22.7, 14.1

3.34.4 Synthesis of 4-(4-(4-(4-(hydrazinocarbonyl)phenoxy)-2-

pentadecylphenoxy)phenoxy) benzohydrazide

Into a 250 mL two necked round bottom flask equipped with a magnetic stirrer

and a reflux condenser were placed methyl 4-(4-(4-(4-(methoxycarbonyl)phenoxy)-2-
pentadecylphenoxy)phenoxy)benzoate (5 g, 7.35 mmol) and ethanol (50 mL).
Hydrazine hydrate (99 %) (7.49 mL, 464 mmol) was added dropwise to the reaction
mixture over a period of 15 minutes and reaction mixture was refluxed overnight. The
solid that separated out was filtered and dried. Crude 4-(4-(4-(4-
(hydrazinecarbonyl)phenoxy)-2-pentadecylphenoxy)phenoxy)benzohydrazide  was
purified by recrystallization from ethanol.
Yield: 4.5 g (90 %);
M.P. 146 °C
IR (cm™): 1602 (-C=0 stretching), 3250-3350 (-NH, and —NH-)
'H NMR (400 MHz, DMSO-dg) & = 9.71 (s, 2H), 7.82 (dd, 4H), 6.90-7.08 (m, 11H),
4.47 (br. s., 4H), 2.53 (t, 2H), 1.50 (m, 2H), 1.17 (br, s., 24H), 0.80 (t, 3H)
3C NMR (126 MHz, DMSO-dg) & = 165.4, 160.1, 159.9, 154.3, 151.4, 150.3, 135.8,
129.1, 127.8, 127.7, 121.9, 1215, 121.1, 118.7, 116.9, 116.7, 31.4, 29.4, 29.1, 28.9,
28.8,28.7,22.2,14.0

3.3.5 Synthesis of 3-pentadecyl 4,4' biphenol

3.3.5.1 Synthesis of 4, 4'-dimethoxy-2-pentadecyl-1,1"-biphenyl

Into a 250 mL Schlenck tube equipped with a magnetic stirring bar were

added 4-bromo 3-pentadecyl anisole (7.94 g, 20 mmol), 4-methoxy phenyl boronic
acid (4.55 g, 30 mmol), potassium carbonate (8.29 g, 60 mmol), tetrakis(triphenyl
phosphine)palladium (0.231 g, 0.2 mmol) and dry toluene (100 mL). The reaction
mixture was degassed three times by freeze-pump-thaw cycles followed by purging
with nitrogen. The nitrogen purging was continued for an hour. The reaction mixture
was heated at 110 °C for 24 h. After completion of the reaction (TLC), the reaction
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mixture was allowed to attain room temperature. Water (50 mL) and ethyl acetate (50
mL) were added. The organic layer was washed with water and brine solution and
concentrated to get crude product. The crude product was purified by column
chromatography on silica gel using pet ether as an eluent.
Yield: 6.5 g (76%)
IR (cm™): 1605 (-C=C- stretching), 1281 (ArO-CH stretching)
'H NMR (200 MHz, CDCl3) & = 6.99 (d, 2 H), 6.81 (d, 2 H), 6.73 (dd, 2 H), 3.84 (s, 6
H), 2.30 (dt, 5 H), 1.38 - 1.43 (m, 4 H), 1.15 - 1.25 (m, 48 H), 0.88 (t, 6 H)
3C NMR (50 MHz, CDCl3) & = 158.53, 142.55, 133.23, 131.19, 114.14, 110.25,
55.11, 33.34, 31.92, 30.67, 29.69, 29.44, 29.36, 28.01, 22.68, 14.10

3.3.5.2 Synthesis of 3-pentadecyl 4, 4' biphenol

Into a 500 mL three necked round bottom flask equipped with a magnetic

stirring bar and a reflux condenser were added 4,4'-dimethoxy-2-pentadecyl-1,1'-
biphenyl (13 g, 30 mmol), glacial acetic acid (100 mL) and 48% hydrobromic acid
(60 mL). The solution was heated at reflux for 12 h. Thereafter, most of the solvent
was removed by distillation under reduced pressure. Water (100 mL) was added and
the mixture was heated under reflux until all the solids were dissolved. The solution
was decolorized with charcoal and allowed to cool to afford 3-pentadecyl 4,4’
biphenol. The pure product was obtained by recrystallisation form a mixture of
dichloromethane:pet ether (50:50, v/v)
Yield: 10 g (82 %)
M.P.: 101 °C
IR (cm™): 3281 (-O-H stretching), 1604 (-C=C- stretching)
'H NMR (400 MHz, CDCls) & = 6.93 (d, 2 H), 6.74 (d, 2 H), 6.65 (dd, 2 H), 4.70 (br.
s.,,2H),2.23-231(m,4H),137-140(m, 4 H),1.31-1.14 (m, 48 H), 0.88 (t, 6 H)
3C NMR (101 MHz, CDCl3) & = 154.39, 142.86, 133.22, 131.39, 115.21, 112.07,
33.14, 31.92, 30.57, 29.70, 29.49, 29.37, 22.69, 14.12

3.3.6 Synthesis of 2, 2°-dipentadecyl-[1,1'-biphenyl]-4,4'-diol

3.3.6.1 Synthesis of 4,4'-dimethoxy-2,2’-dipentadecyl-1,1'-biphenyl

Into a 100 mL Schlenck tube equipped with a magnetic stirring bar were

added 4-bromo-3-pentadecyl anisole (2 g, 5 mmol), bis(1,5-cyclooctadiene)nickel
[Ni(COD);] (1.38 g, 5 mmol), 1,5- cyclooctadiene (COD) (0.23 mL, 5 mmol),
bipyridine (0.78 g, 5 mmol) and toluene (20 mL). The tube was degassed three times

by freeze-pump-thaw cycles followed by purging with nitrogen. The nitrogen purging
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was continued for an hour. The reaction mixture was heated at 80 °C for 6 h. After
completion of the reaction (TLC), the reaction mixture was allowed to attain room
temperature. The reaction mixture was filtered through a celite plug and the residue
was washed with pet ether. After solvent evaporation, the product was purified by
flash column chromatography (pet ether:dichloromethane; 90:10. v/v)
Yield: 1.20 g (75 %)
IR (cm™): 1278 (-O-C stretching), 1610 (-C=C- stretching of biphenyl)
'"HNMR (CDCl; 400Mz) & = 6.99 (d, 2H), 6.81 (d, 2H), 6.73 (dd, 2H), 3.84 (bs, 6H),
2.29 (m, 4H), 1.41 (m, 4H), 1.14-1.30 (m, 48H), 0.88 (t, 6H)
BCNMR (CDCI3100Mz) 6 = 158.53, 142.55, 133.23, 131.19, 114.14, 110.25, 55.11,
33.34, 31.92, 30.67, 29.69, 29.44, 29.36, 28.01, 22.68, 14.10

3.3.6.2 Synthesis of 2, 2’-dipentadecyl-[1,1'-biphenyl]-4,4'-diol

Into a 100 mL three necked round bottom flask equipped with a magnetic

stirring bar and a reflux condenser were added 4,4'-dimethoxy-2,2’-dipentadecyl-1,1'-
biphenyl (1 g, 1.57 mmol), glacial acetic acid (25 mL) and 48% hydrobromic acid
(10 mL). The solution was heated at reflux for 12 h. Thereafter, most of the solvent
was removed by distillation under reduced pressure, 10 mL of water was added and
the mixture was heated under reflux until all the solids were dissolved. The solution
was decolorized with charcoal and allowed to cool to afford 3-pentadecyl 4,4’
biphenol. The pure product was obtained by recrystallisation from a mixture of
dichloromethane:pet ether (40:60; v/v)
Yield: 0.75 g (78 %)
M.P.: 109 °C
IR: 3300 (-O-H stretching)
'H NMR (CDCl3 400 MHz) ¢ = 6.93 (d, 2H), 6.74 (d, 2H), 6.65 (dd, 2H), 4.70 (bs,
2H), 2.26 (m, 4H), 1.39 (m, 4H), 1.14-1.30 (m, 48H), 0.88 (t, 6H)
3C NMR (CDCl; 100 MHz) & = 145.39, 142.86, 133.22, 131.39, 115.21, 112.07,
33.14, 31.92, 29.70, 29.37, 22.69, 14.12

3.3.7 Synthesis of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarbohydrazide

3.3.7.1 Synthesis of 3-pentadecyl triflate

Into a 250 mL two necked round bottom flask equipped with an addition

funnel and a magnetic stirring bar were added 3-pentadecyl phenol (30.4 g, 10 mmol),
dichloromethane (100 mL) and pyridine (1.6 mL) and the solution was cooled at 0 °C.

Trifluoromethane sulfonic anhydride (20.15 mL, 12 mmol) was added dropwise and
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the mixture was warmed to room temperature. The reaction was continued further for
1h. The reaction mixture was diluted with diethyl ether (200 mL), quenched with 10
% hydrochloric acid and washed successively with saturated sodium bicarbonate
solution and brine. After drying over sodium sulfate, the solvent was evaporated and
the product was purified by column chromatography on silica gel using petroleum
ether as an eluent to obtain the pure product.
Yield: 40 g (92 %)
IR (cm™): 1142 (-S=O0 stretching)
'"H NMR (200 MHz, CDCl3) 6 = 7.28 - 7.42 (m, 1 H), 7.14 - 7.25 (m, 1 H), 7.03 - 7.14
(m, 2 H), 2.65 (t, 2 H), 1.70 - 1.57 (m, 2 H), 1.27 (br. s, 24 H), 0.89 (t, 3 H)
3C NMR (50 MHz, CDCl3) & = 149.66, 145.99, 129.86, 120.43, 121.10, 118.35,
35.61, 31.93, 31.08, 29.68, 29.54, 29.37, 29.12, 22.69, 14.09
3.3.7.2 Synthesis of 3-pentadecyl biphenyl

Into a 250 mL Schlenck tube equipped with a magnetic stirring bar were
added 3-pentadecyl triflate (20 mmol, 8.72g), phenyl boronic acid (3.66 g, 30 mmol),
potassium carbonate (8.29 g, 60 mmol), tetrakis(triphenyl phosphine)palladium (0.231
g, 0.2 mmol) and dry toluene (100 mL). The tube was degassed three times by freeze-
pump-thaw cycles followed by purging with nitrogen. The nitrogen purging was
continued for an hour. The reaction mixture was then heated at 110 °C for 24 h. After
completion of reaction (TLC), the reaction mixture was allowed to attain room
temperature. Water (50 mL) and ethyl acetate (50 mL) were added. The organic layer
was washed with water and brine solution and concentrated to get crude product. 3-
Pentadecyl biphenyl was purified by column chromatography on silica gel using pet
ether as an eluent.
Yield: 6.1g (84 %)
IR (cm™): 2926 (-C-H stretching), 1599 (C=C stretching), 754 (=C-H bending)
'H NMR (200 MHz, CDCl3) § = 7.56 - 7.67 (m, 2 H), 7.30 - 7.52 (m, 6 H), 7.19 (d, 1
H), 2.69 (t, 2 H), 1.60 - 1.75 (m, 2 H), 1.23 - 1.39 (m, 24 H), 0.90 (t, 3 H)
3C NMR (50 MHz, CDCl3) & = 143.42, 141.45, 142.15, 128.66, 127.35, 127.18,
124.47, 36.09, 31.93, 31.60, 29.70, 29.55, 29.39, 22.70, 14.13

3.3.7.3 Synthesis of 4,4’-dibromo 3-pentadecy! biphenyl

Into a 250 mL three necked round bottom flask equipped with a water

condenser, a dropping funnel and a thermometer were added 3-pentadecyl biphenyl (1

g, 2.75 mmol), dichloromethane (10 mL), ferric chloride (1 mol%, 10 mg) and iodine
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(15 mg, 1 mol%). Bromine (0.93 g, 5.78 mmol) was added drop wise to the reaction
mixture while reaction mixture was maintained at ambient temperature by controlling
addition rate. The reaction mixture was stirred for 5 h at room temperature and was
heated at reflux for 1h. Thereafter, reaction mixture was allowed to attain room
temperature, the excess of bromine and iodine were destroyed by 10% sodium sulfate
solution. The dichloromethane solution was washed with water until neutral and with
brine and then dried over sodium sulfate. The product was purified by column
chromatography on silica gel using pet ether as an eluent.
Yield: 1.2 g (85 %)
M. P.: 46 °C
IR (cm™): 784 (C-Br stretching)
'H NMR (200 MHz, CDCl3) § = 7.54 - 7.60 (m, 3 H), 7.37 - 7.44 (m, 3 H), 7.21 (dd, 2
H), 2.77 (t, 2 H), 1.57 — 1.64 (m, 2 H), 1.22-1.39 (m, 24 H), 0.88 (m, 3 H)
3¢ NMR (50 MHz, CDCI3) 6 = 142.68, 139.21, 133.16, 131.92, 128.66, 128.53,
125.77, 123.94, 121.77, 36.35, 31.93, 30.02, 29.70, 29.60, 29.46, 22.70, 14.13
3.3.7.4 Synthesis of 4, 4’ dicyano 3-pentadecyl 1,1’biphenyl

Into a 250 mL three necked round bottom flask equipped with a magnetic
stirring bar and a reflux condenser were added 4, 4’ dibromo 3-pentadecyl 1,1’
biphenyl (5.22 g, 10 mmol), copper cyanide (3.58 g, 4 mmol) copper sulfate (0.5 g)
and N,N-dimethylformamide (100 mL). The reaction mixture was refluxed overnight.
After completion of reaction, the brown colored solution was poured into
concentrated hydrochloric acid ( 50 mL) and the solution was extracted with ethyl
acetate (2 x 100 mL), washed with brine solution (3 x 50 mL) followed by water (3
x100 mL) and dried over sodium sulfate. The solvent evaporation yielded crude 4, 4’
dicyano 3-pentadecyl 1,1°-biphenyl. The pure product was obtained by silica gel
column chromatography (eluent pet ether/ ethyl acetate) followed by recrystallization
from a mixture pet ether: dichloromethane; 90:10; (v:v).
Yield: 2 g (48 %)
M.P.: 93 °C
IR (cm™): 2228 (-CN group stretching)
'H NMR (200 MHz, CDCls) & = 7.66 - 7.79 (m, 5 H), 7.46 - 7.51 (m, 2 H), 2.90 (t, 2
H), 1.68 -1.74 (m, 2 H), 1.25 - 1.35 (m, 24 H), 0.87 (t, 3 H)

Savitribai Phule Pune University 79 CSIR-National Chemical Laboratory



Chapter 3 Synthesis and Characterization of Condensation Monomers

3¢ NMR (50 MHz, CDCI3) 6 = 147.77, 143.85, 143.35, 133.43, 132.76, 128.22,
127.93, 125.14, 118.45, 117.76, 112.35, 112.18, 34. 77, 31.88, 30.99, 29.63, 29.49,
29.32, 22.65, 14.09
3.3.7.5 Synthesis of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid
Into a 250 mL round bottom flask equipped with a magnetic stirring bar were
added 4, 4’ dicyano 3-pentadecyl 1,1’-biphenyl (2 g, 4.82 mmol), potassium
hydroxide (4.06 g, 72.41 mmol), ethylene glycol (100 mL) and water (20 mL). The
reaction mixture was heated at 180 °C for 24 h. After completion of reaction, the
reaction mixture was poured into excess of water and acidified with concentrated
hydrochloric acid to precipitate the product. 3-Pentadecyl-[1,1'-biphenyl]-4,4'-
dicarboxylic acid was filtered and washed with water. The obtained solid was
dissolved in aqueous potassium hydroxide solution and was precipitated by addition
of concentrated hydrochloric acid (pH=2). The solid was filtered and washed
repeatedly with water and dried.
Yield: 1.8 g (87 %)
M.P.: > 300 °C
IR (cm™): broad peak 3100-3500 (O-H stretching)
'H NMR (400 MHz, CDCls) & = 8.10 (d, 2 H), 8.02 (d, 1 H), 7.77 (d, 2 H), 7.60 (br.
s., 1 H), 7.57 (d, 2 H), 3.10 (t, 2 H), 1.62 -1.68 (m, 2 H), 1.25-1.35 (m, 24 H), 0.88 (t,
3 H)
3C NMR (100 MHz, CDCl3) & = 168.69, 167.52, 146.93, 145.17, 144.05, 132.78,
131.18, 130.70, 127.94, 125.25, 35.67, 33.04, 30.98, 30.83, 30.67, 30.49, 25.48,
23.74,14.61
3.3.7.6 Synthesis of dimethyl 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylate
Into a 250 mL single necked round bottom flask containing 3-pentadecyl-[1,1'-
biphenyl]-4,4'-dicarboxylic acid ( 2 g, 4.42 mmol) were added methanol (50 mL) and
concentrated sulfuric acid (1 mL). The reaction mixture was refluxed for 24 h. After
completion of reaction, the reaction mixture was poured into water and the product
dimethyl 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylate was extracted with ethyl
acetate. The ethyl acetate solution was washed with water (3 x 50 mL). Finally, ethyl
acetate solution was washed with brine and dried over sodium sulfate. The crude
product was purified by silica gel column chromatography using pet ether:ethyl
acetate (90:10;v:v) followed by recrystallisation from dichloromethane:methanol

(95:5;v:v) mixture.
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Yield: 1.8 g (85 %)
MP: 65 °C
IR (cm™): 1721 (Ester —C=0 carbonyl stretching)
'H NMR (200 MHz, CDCl5) 6 = 8.12 (d, 2 H), 7.96 (d, 1 H), 7.68 (d, 2 H), 7.46 7.48
(m, 2 H), 3.92 - 3.95 (m, 6 H), 3.02 (t, 2 H), 1.61 -1.63 (m, 2 H), 1.25 - 1.31 (m, 24
H), 0.88 (t, 3 H)
3¢ NMR (50 MHz, CDCl3) & = 154.39, 142.86, 133.22, 131.39, 115.21, 112.07,
33.14, 31.92, 30.57, 29.70, 29.49, 29.37, 22.69, 14.12

3.3.7.7 Synthesis of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarbohydrazide

Into a 100 mL two necked round bottom flask equipped with a reflux

condenser and a magnetic stirring bar were added dimethyl 3-pentadecyl-[1,1'-
biphenyl]-4,4'-dicarboxylate (1 g, 2.08 mmol) and methanol (10 mL). The compound
was dissolved by heating and hydrazine hydrate (5 mL, 310 mmol) was added at the
same temperature. The reaction mixture was heated at reflux for 24 h. The reaction
mixture was cooled to room temperature and water was added. The precipitated solid
was filtered and washed with water. The crude product was recrystallized from
methanol to get pure 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarbohydrazide.
Yield: 0.9 g (90%)
M.P.: 213 °C
IR (cm™): 3299 (-NH, and —NH- stretching), 1602 (-C=0, stretching)
'H NMR (200 MHz, CDCls) 6 =8.89 (s, 1 H), 8.67 (s, 1 H), 7.90 (d, 2 H), 7.70 (d, 2
H), 7.48 — 7.55 (m, 2 H), 7.39 (d, 1 H), 4.27 (br. s., 4 H), 2.86 (t, 2 H), 1.73 (br. s., 2
H), 1.29 (br. s., 24 H), 0.88 (t, 3 H)
13C NMR (50 MHz, CDCls) & = 144.01, 143.65, 142.21, 136.03, 134. 00, 129.56,
128.98, 128.55, 127.68, 124.91, 34.58, 33.04, 30.83, 30.68, 30.49, 26.01, 25.88,
25.68, 25.48, 25.28, 25.09, 14.61

3.4 Results and Discussion

3.4.1 Synthesis of 4-(4-formylphenoxy)-2-pentadecylbenzaldehyde

Scheme 3.1 outlines route for the synthesis of 4-(4-formylphenoxy)-2-

pentadecylbenzaldehyde starting from CNSL.
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Scheme 3.1 Synthesis of 4-(4-formylphenoxy)-2-pentadecylbenzaldehyde starting
from CNSL

The synthesis of 4-(4-formylphenoxy)-2-pentadecylbenzaldehyde involved
four steps. In the first step, cardanol obtained from CNSL was hydrogenated at 600
psi in a Parr reactor using Pd/C as a catalyst to obtain 3-pentadecyl phenol.** In the
second step, 1-pentadecyl 3-phenoxybenzene was prepared by the reaction of 3-
pentadecyl phenol with bromobenzene in the presence of potassium hydroxide and Cu
as a catalyst under classical Ullmann etherification reaction conditions.**® 1-
Pentadecyl 3-phenoxy benzene was selectively brominated at para-para’ positions
with bromine in dichloromethane to obtain 1-bromo 4-(4-bromophenoxy) 2-
pentadecyl benzene.!” Further, 1-bromo 4-(4-bromophenoxy) 2-pentadecyl benzene
was lithiated using n-butyl lithium in tetrahydrofuran solution, followed by
formylation with DMF to give the desired dialdehyde.’® The dialdehyde and
intermediates involved in its synthesis were purified by column chromatography and
were characterized by spectroscopic methods.

Figure 3.2 shows FT-IR spectrum of 4-(4-formylphenoxy)-2-
pentadecylbenzaldehyde. The appearance of absorption band at 1700 cm™ confirmed

the formation of aldehyde.
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Figure 3.2 FT-IR spectrum of 4-(4-formylphenoxy)-2-pentadecylbenzaldehyde

Figure 3.3 shows 'H NMR spectrum of 4-(4-formylphenoxy)-2-
pentadecylbenzaldehyde. The two aldehydic protons appeared as two distinct singlets
at 10.22 and 9.97 6 ppm. The appearance of two different signals for the two
aldehydic protons is due to the existence of non-symmetry in the monomer. The
presence of pentadecyl chain on only one aromatic ring in the monomer makes the
monomer non-symmetric and consequently the two aromatic rings are magnetically
nonequivalent. Three aromatic protons ortho to aldehyde group appeared as a
multiplet in the range 7.85-7.94 6 ppm, while remaining aromatic protons appeared as
a multiplet in the range 6.92—7.18 6 ppm. The benzylic —-CH, appeared as a triplet at
3.0 6 ppm. The methylene protons £ to aromatic ring appeared as a multiplet in the
range 1.54-1.64 6 ppm. The other methylene protons exhibited a multiplet over the
range 1.20-1.28 & ppm. The terminal —CH3 showed a triplet at 0.87 & ppm.
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Figure 33 'H NMR spectrum (in CDCls) of 4-(4-formylphenoxy)-2-
pentadecylbenzaldehyde

3C NMR spectrum of 4-(4-formylphenoxy)-2-pentadecylbenzaldehyde is
shown in Figure 3.4. In **C NMR spectrum, carbonyl carbons of the aldehyde group
resonated at 190.67 and 190.59 & ppm. Aromatic carbons ortho to carbonyl carbon
appeared at 133.91 (C8) and 132.02 (C4) 6 ppm. The appearance of two different
signals for carbonyl-carbons and carbons adjacent to carbonyl groups is due to the
existence of non-symmetry in the monomer. The spectral data corresponding to other

carbon atoms was in good agreement with the proposed structure.
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Figure 3.4 '*C NMR spectrum (in CDCls) of 4-(4-formylphenoxy)- 2-
pentadecylbenzaldehyde
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3.4.2 Synthesis of 4-(4-hydroxyphenoxy)-3-pentadecylphenol from 3-
pentadecyl phenol
Scheme 3.2 depicts route for synthesis of 4-(4-hydroxyphenoxy)-3-
pentadecylphenol starting from 3- pentadecyl phenol which in turn is obtained from
CNSL.

oCH, Hyc0~{_)-OH

OH OCH,

CH;l / KOH /DMSO NBS, Acetone, Cu/KOH,
[ j . _ = >
RT, HCI, rt C.-H., DMAc / Toluene

Ci5Ha CsHa 0 i
95% 90% Br Reflux
60%
HBr, PTC
HOOO OH - H;,,COOO OCH;
Reflux
CqsH3q Cq5H34

80%
Scheme 3.2 Synthesis of 4-(4-hydroxyphenoxy)-3-pentadecylphenol starting from

3-pentadecyl phenol

The synthesis of 4-(4-hydroxyphenoxy)-3-pentadecylphenol involved four
steps. The first step involved methyl ether protection of phenolic —OH with methyl
iodide as the methylating agent in the presence of potassium hydroxide and dimethyl
sulfoxide as a solvent™ 3-Pentadecyl anisole was brominated using N-
bromosuccinimide, catalytic HCI and acetone as a solvent to give 4-bromo 3-
pentadecyl anisole.*® *° Further, 4-bromo 3-pentadecyl anisole was treated with
monomethyl ether of hydroquinone in the presence of potassium hydroxide and Cu as
a catalyst under classical Ullmann etherification reaction conditions to form 4-
methoxy-1-(4-methoxyphenoxy)-2-pentadecylbenzene. Then 4-methoxy-1-(4-
methoxyphenoxy)-2-pentadecylbenzene on demethylation by standard procedure®®**
in the presence of HBr and tetra n-butyl phosphonium bromide as a phase transfer
catalyst afforded 4-(4-hydroxyphenoxy)-3-pentadecylphenol. The bisphenol and
intermediates involved in the synthesis were purified by column chromatography and
were characterized by IR and NMR spectroscopy.

'H NMR spectrum of 3-pentadecyl anisole is represented in Figure 3.5. In
aromatic region, a multiplet in the range 7.15-7.23 & ppm could be assigned to the
proton meta to methoxy group and other three protons exhibited a multiplet in the

range 6.71-6.79 6 ppm. The peak at 3.80 6 ppm is due to methoxy group protons.
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Figure 3.5 '"H NMR spectrum (in CDCl5) of 3-pentadecyl anisole
3C NMR spectrum of 3-pentadecyl anisole along with assignments is

reproduced in Figure 3.6.
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Figure 3.6 *C NMR spectrum (in CDClIs;) of 3-pentadecyl anisole
'H NMR spectrum of 4-bromo 3-pentadecyl anisole is shown in Figure 3.7.
The proton ortho to bromine appeared as a doublet at 7.40 & ppm. The protons ortho
to methoxy group, d and b exhibited a doublet 6.67 & ppm and a doublet of doublet at
6.61 & ppm, respectively. The methoxy group protons appeared at 3.78 6 ppm. The
peaks in the aliphatic region are due to the pentadecyl chain
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Figure 3.7 *H NMR spectrum (in CDCls) of 4-bromo 3-pentadecyl anisole
3C NMR spectrum of 4-bromo 3-pentadecyl anisole along with assignments is

represented in Figure 3.8 and assignments are in good agreement with the structure.
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Figure 3.8 *C NMR spectrum (in CDCls) of 4-bromo 3-pentadecyl anisole
'H NMR spectrum of 4-methoxy-1-(4-methoxyphenoxy)-2-pentadecylbenzene
is represented in Figure 3.9. The four protons of aromatic ring without pentadecyl
chain exhibited a singlet at 6.82 5 ppm. The multiplet in the region 6.80-6.77 6 ppm
could be attributed to the protons ¢ and d whereas doublet of doublet at 6.69 is due to

the proton c. The methoxy groups appeared at two distinct singlets at 3.78 and 3.79 6
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ppm due to the non-symmetry in the structure. The protons of pentadecyl chain
appeared in the aliphatic region.
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Figure 3.9 '"H NMR spectrum (in CDCls) of 4-methoxy-1-(4-methoxyphenoxy)-2-
pentadecylbenzene

FT-IR spectrum of 4-(4-hydroxyphenoxy)-3-pentadecylphenol is reproduced
in Figure 3.10, which showed a broad absorption band at 3325 cm™ due to the
phenolic hydroxyl group. The band at 1204 cm™ corresponds to C—O-C stretching.
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Figure 3.10 FT-IR spectrum of 4-(4-hydroxyphenoxy)-3-pentadecylphenol
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'H NMR spectrum of 4-(4-hydroxyphenoxy)-3-pentadecylphenol along with
assignments is presented in Figure 3.11.
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Figure 3.11 'H NMR spectrum (in CDCIls) of 4-(4-hydroxyphenoxy)-3-
pentadecylphenol

In the NMR spectrum, a multiplet in the region 6.74-6.78 6 ppm is due to four
aromatic protons of the aromatic ring without pentadecyl chain, the multiplet in the
region 6.73-6.70 6 ppm is due to two aromatic protons which are ortho and meta to
the pentadecyl chain and the doublet of doublet at 6.61 6 ppm is due to the proton
para to the pentadecyl chain. The phenolic —-OH groups appeared as two distinct
peaks at 4.66 and 4.68 6 ppm, the benzylic protons showed a triplet at 2.52 6 ppm and
the remaining protons of the pentadecyl chain appeared in aliphatic region.

3C NMR spectrum of 4-(4-hydroxyphenoxy)-3-pentadecylphenol along with
assignments is represented in Figure 3.12 and assignments are in good agreement

with the structure.
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Figure 3.12 C NMR spectrum (in CDCls) of 4-(4-hydroxyphenoxy)-3-
pentadecylphenol

'H-'H COSY-NMR spectrum of 4-(4-hydroxyphenoxy)-3-pentadecylphenol is
given in Figure 3.13 which clearly confirms the molecular structure.

NOESY € lcd h
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Figure 3.13 'H-'H COSY-NMR spectrum of 4-(4-hydroxyphenoxy)-3-
pentadecylphenol
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3.4.3 Synthesis of 4-(4-(4-(4-aminophenoxy)-2-
pentadecylphenoxy)phenoxy)aniline
Scheme 3.3 outlines route for synthesis of 4-(4-(4-(4-aminophenoxy)-2-

pentadecylphenoxy) phenoxy) aniline starting from 4-(4-hydroxyphenoxy)-3-

u@mz

K,CO3;, Dry DMF
0o Do ane(ro o Cro-(-ve
Reflux

C4sH3q 90% C4sH3q

pentadecylphenol.

Pd/C, Hydrazine hydrate,

EtOH
- Oro-QreO-e-Orm

Reflux
C15H31 90%
Scheme 3.3 Synthesis of 4-(4-(4-(4-aminophenoxy)-2-

A

pentadecylphenoxy)phenoxy)aniline

The dinitro compound viz., 4-(4-nitrophenoxy)-1-(4-(4-
nitrophenoxy)phenoxy)-2-pentadecylbenzene was prepared by nucleophilic halo
displacement of p-chloronitrobenzene with 4-(4-hydroxyphenoxy)-3-
pentadecylphenol in the presence of potassium carbonate. The reaction was carried
out using N, N-dimethylformamide as a solvent at reflux temperature. The diamine
was obtained by reduction of dinitro compound using hydrazine hydrate and Pd/C as
catalyst in refluxing ethanol.??

'H NMR spectrum of 4-(4-nitrophenoxy)-1-(4-(4-nitrophenoxy)phenoxy)-2-
pentadecylbenzene is shown in Figure 3.14. The four aromatic protons ortho to the
nitro group appeared as a multiplet in the region 8.17-8.25 6 ppm, while remaining 11
aromatic protons appeared as a multiplet in the region 6.96-7.05 & ppm. The benzylic
methylene protons exhibited a triplet at 2.63 6 ppm. The methylene protons £ to
aromatic ring appeared as a multiplet in the range 1.56-1.62 6 ppm, the remaining
methylene protons of the pentadecyl chain appeared as a multiplet in the range 1.20-
1.28 6 ppm and a triplet at 0.87 is due to methyl protons of the pentadecyl chain.
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Figure 3.14 'H NMR spectrum (in CDCIls) of 4-(4-nitrophenoxy)-1-(4-(4-

nitrophenoxy)phenoxy)-2-pentadecylbenzene

FT-IR  spectrum  of

4-(4-(4-(4-aminophenoxy)-2-pentadecylphenoxy)

phenoxy) aniline is shown in Figure 3.15. The absorption peaks at 3441, 3344 and

3309 cm™ are due to -N-H bond stretching of the ~NH; group.
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Figure 3.15 FT-IR spectrum of 4-(4-(4-(4-aminophenoxy)-2-pentadecylphenoxy)

phenoxy) aniline

'H NMR spectrum of 4-(4-(4-(4-aminophenoxy)-2-pentadecylphenoxy)

phenoxy) aniline is shown in Figure 3.16
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Figure 3.16 'H NMR spectrum (in CDCls) of 4-(4-(4-(4-aminophenoxy)-2-
pentadecylphenoxy) phenoxy) aniline

In 'H NMR spectrum of 4-(4-(4-(4-aminophenoxy)-2-
pentadecylphenoxy)phenoxy)aniline, the appearance of a broad singlet at 3.56 6 ppm
is due to the four protons of amino group which confirms the formation of the
multiring diamine. The protons ortho to amino groups appeared as a multiplet in the
range 6.64-6.71 6 ppm and the other aromatic ring protons exhibited a multiplet in the
range 6.77-6.91 & ppm. The upfield shift in four aromatic ortho protons is observed as
electronegative —NO, group was converted into electron donating —NH, group. Also
there was observation of slight upfield shift with other protons. The benzylic
methylene protons appeared in the dinitro compound at 2.63 6 ppm exhibited upfield
shift and appeared at 2.54 &6 ppm, the methylene protons 8 to the aromatic ring
appeared as a multiplet in the range 1.51-1.58. The terminal methyl protons exhibited
a triplet at 0.88 & ppm.

¥C NMR spectrum of 4-(4-(4-(4-aminophenoxy)-2-pentadecylphenoxy)
phenoxy) aniline along with assignments is shown in Figure 3.17
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Chlorolform—d
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Figure 3.17 C NMR spectrum (in CDCls) of 4-(4-(4-(4-aminophenoxy)-2-
pentadecylphenoxy) phenoxy) aniline

344 Synthesis of 4-(4-(4-(4-(hydrazinocarbonyl)phenoxy)-2-

pentadecylphenoxy) phenoxy) benzohydrazide

Scheme 3.4 depicts route followed for synthesis of 4-(4-(4-(4-

(hydrazinocarbonyl)phenoxy)-2-pentadecylphenoxy)phenoxy) benzohydrazide
starting from 4-(4-hydroxyphenoxy)-3-pentadecylphenol (HPPDP).

e
K,CO3, Dry DMF
HO 0—< >—0H - NC—< >—0 0—< >—0—< >—CN
Reflux

C1sH3q C1sH3q

90%

KOH / Ethylene glycol
HOOC@O OOOOCOOH
Reflux, 180°C

C15H31

\/

88 %

i) SOCI,, Reflux

—_— H;ﬁOOCOO 04@000000%
ii) Methanol, reflux

85 % C4sH3q

Hydrazine Hydrate

Methanol
> H,NHNOC (o) (o) o CONHNH,
Reflux

C1sH34

90 %
Scheme 3.4  Synthesis of  4-(4-(4-(4-(hydrazinocarbonyl)phenoxy)-2-
pentadecylphenoxy)phenoxy) benzohydrazide
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4-(4-(4-(4-(Hydrazinocarbonyl) phenoxy)-2- pentadecyl phenoxy) phenoxy)
benzohydrazide was synthesized from HPPDP in four steps. 4-(4-(4-(4-
Cyanophenoxy)-2- pentadecylphenoxy) phenoxy) benzonitrile was synthesized by
nucleophilic fluoro displacement of 4-fluorobenzonitrile with HPPDP. In the reaction,
dipotassium salt of HPPDP was prepared in situ by reaction of HPPDP with K,COg3in
refluxing DMF and it was refluxed with p-fluorobenzonitrile.® 2* The intermediate 4-
(4-(4-(4-cyanophenoxy)-2- pentadecylphenoxy) phenoxy) benzonitrile was then
converted into 4-(4-(4-(4-carboxyphenoxy)-2-pentadecylphenoxy)phenoxy)benzoic
acid by alkaline hydrolysis using potassium hydroxide and ethylene glycol as a
solvent. The diacid was treated with thionyl chloride to obtain diacid chloride which
was not isolated but directly transformed into diester by reaction with methanol. The
diester viz. methyl 4-(4-(4-(4-(methoxycarbonyl)phenoxy)-2-
pentadecylphenoxy)phenoxy)benzoate was purified by column chromatography. The
diester  was converted into 4-(4-(4-(4-(hydrazinocarbonyl)phenoxy)-2-
pentadecylphenoxy)phenoxy) benzohydrazide by hydrazinolysis with hydrazine
hydrate (99%) in methanol.*® %
'H NMR spectrum of 4-(4-(4-(4-cyanophenoxy)-2-
pentadecylphenoxy)phenoxy)benzonitrile is presented in Figure 3.18.
In the aromatic region, protons ortho to —CN group exhibited two doublets at
7.60 and 7.61 & ppm. This could be attributed to non-symmetry in the structure. The
rest of the aromatic protons appeared as multiplet over the range 6.88- 7.03 & ppm. In
aliphatic region triplet at 2.62 6 ppm corresponds to benzylic —CH, of pentadecyl
group, the methylene protons  to the aromatic ring exhibited a multiplet in the range
1.45-1.62 6 ppm and multiplet in the range 1.21-1.28 & ppm could be assigned to the
remaining methylene protons of the pentadecyl chain. The terminal methyl group

protons of pentadecyl chain exhibited a triplet at 0.87 & ppm
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Figure 3.18 'H NMR spectrum (in CDCls) of 4-(4-(4-(4-cyanophenoxy)-2-
pentadecylphenoxy)phenoxy)benzonitrile

B¢ NMR spectrum of 4-(4-(4-(4-cyanophenoxy)-2-
pentadecylphenoxy)phenoxy)benzonitrile along with assignments is reproduced in

Figure 3.19.
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Figure 3.19 *C NMR spectrum (in CDCIls) of 4-(4-(4-(4-cyanophenoxy)-2-
pentadecylphenoxy)phenoxy)benzonitrile
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H NMR spectrum of 4-(4-(4-(4-carboxyphenoxy)-2-
pentadecylphenoxy)phenoxy)benzoic acid along with assignments is presented in
Figure 3.20. The four aromatic protons, ortho to carboxylic acid group exhibited two
doublets at 8.07 and 8.08 6 ppm while rest of aromatic protons exhibited multiplet
over the range 6.93- 7.04 6 ppm. The protons of benzylic —CH, of pentadecyl chain
appeared as a triplet at 2.62 6 ppm and methylene protons B to the aromatic ring
appeared as multiplet in the range 1.56-1.64 6 ppm. The remaining methylene protons
of the pentadecyl chain exhibited a multiplet in the range 1.21-1.28 6 ppm and
terminal methyl group protons exhibited a triplet at 0.87 & ppm.

chlorolform—d

oo w0 ocooN~Mm N o < ©
- O OO NOOOoOOoOOoOO © © N [ee]

h! i

'Sy
4.00 11.02 2.00 2.07 24.39 3.28
| | | |_|

[ — [— [ |
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5

Figure 3.20 'H NMR spectrum (in CDCIls) of 4-(4-(4-(4-carboxyphenoxy)-2-
pentadecylphenoxy)phenoxy)benzoic acid

B¢ NMR spectrum of 4-(4-(4-(4-carboxyphenoxy)-2-
pentadecylphenoxy)phenoxy) benzoic acid along with assignments is represented in
Figure 3.21.
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Figure 3.21 *C NMR spectrum (in DMSO-ds) of 4-(4-(4-(4-carboxyphenoxy)-2-
pentadecylphenoxy)phenoxy)benzoic acid

'H NMR  spectrum  of  4-(4-(4-(4-(methoxycarbonyl)phenoxy)-2-

pentadecylphenoxy)phenoxy)benzoate is represented in Figure 3.22.
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Figure 322 'H NMR spectrum (in CDCIZ) of  4-(4-(4-(4-
(methoxycarbonyl)phenoxy)-2-pentadecylphenoxy)phenoxy)benzoate

The two doublets at 8.0 and 8.01 & ppm are attributed to protons ortho to ester
group and remaining aromatic protons appeared as a multiplet in the region 6.92-7.05
o ppm. The methyl group protons of ester function exhibited a singlet at 3.90 & ppm.
The aliphatic protons of benzylic -CH;, -CH, B to aromatic ring and remaining

methylene group protons appeared as a triplet at 2.61, multiplet in region 1.55-1.63
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and 1.20-1.28 & ppm, respectively. The terminal —CH3 group showed a triplet 0.87 6
ppm.

¥C  NMR spectrum of  4-(4-(4-(4-(methoxycarbonyl)  phenoxy)-2-
pentadecylphenoxy) phenoxy)benzoate along with assignments is shown in Figure
3.23. The carbonyl carbon and methyl carbon of ester group exhibited peaks at 166.58
and 51.98 6 ppm, respectively.
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Figure 323 ®C NMR spectrum (in CDCly) of  4-(4-(4-(4-
(methoxycarbonyl)phenoxy)-2-pentadecylphenoxy)phenoxy)benzoate

Figure 3.24 depicts FT-IR spectrum of 4-(4-(4-(4-
(hydrazinocarbonyl)phenoxy)-2-pentadecylphenoxy)phenoxy) benzohydrazide. FT-IR
spectrum showed absorption band at 3307 and 1602 cm™ corresponding to —N-H and
—C=0 stretching of acyl hydrazide groups. The absorption band at 1231 cm™ could be

attributed to ether linkages.
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Figure 3.24 FT-IR spectrum of 4-(4-(4-(4-(hydrazinocarbonyl)phenoxy)-2-
pentadecylphenoxy)phenoxy) benzohydrazide
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'H NMR spectrum (in DMSO-dg) of 4-(4-(4-(4-(hydrazinocarbonyl)phenoxy)-
2-pentadecylphenoxy)phenoxy) benzohydrazide is shown in Figure 3.25. In *H NMR
spectrum, amide protons of acyl hydrazide group appeared as a broad singlet at 9.71 o
ppm while —NH; protons exhibited a broad signal over the range 4.0-5.0 6 ppm. The
aromatic protons ortho to acyl hydrazide group appeared as multiplet in the range
7.81-7.85 & ppm whereas rest of aromatic protons appeared as multiplet over the
range 6.94-7.08 6 ppm. The benzylic —CH; exhibited a triplet at 2.53 & ppm and
methylene B to ring appeared as multiplet in the range 1.46-1.56 6 ppm. The rest of
methylene and methyl group protons showed a multiplet in the range 1.13- 1.21 &

ppm and a triplet at 0.80 & ppm, respectively.
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Figure 325 'H NMR spectrum (in DMSO-dg) of 4-(4-(4-(4-
(hydrazinocarbonyl)phenoxy)-2-pentadecylphenoxy)phenoxy) benzohydrazide
C  NMR spectrum of  4-(4-(4-(4-(hydrazinocarbonyl)phenoxy)-2-
pentadecylphenoxy)phenoxy) benzohydrazide along with spectral assignments is
reproduced in Figure 3.26. The carbonyl carbon of acyl hydrazide groups showed

peak at 165.57 6 ppm.
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Figure 326 'C NMR spectrum (in DMSO-ds) of 4-(4-(4-(4-
(hydrazinocarbonyl)phenoxy)-2-pentadecylphenoxy)phenoxy) benzohydrazide

3.4.5 Synthesis of 3-pentadecyl biphenol:
Scheme 3.5 outlines the route followed for synthesis of 3-pentadecyl

HO
OCH;, /BQQCH3
HO
= g0 ){)-oem
CisH31  K,CO, / Pd[P(Ph);],

biphenol.

Br C45H31
Toluene / 110 °C
76 %
HBr / Acetic acid
- o
Reflux
82 % CqsH3q

Scheme 3.5 Synthesis of 3-pentadecyl biphenol
The synthesis of 3-pentadecyl biphenol starting from 4-bromo 3-pentadecyl
anisole involved two steps in which Suzuki—Miyaura coupling reaction is as the key
step. Suzuki—Miyaura coupling is Pd-catalyzed reaction and one of the most efficient
methods for the formation of C-C bonds.”®*® Although several other methods (e.g.

Kharash coupling, Negishi coupling, Stille coupling, Himaya coupling, Liebeskind—
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Srogl coupling and Kumuda coupling) are available for C-C bonds formation, the
Suzuki—Miyaura cross coupling reaction which produces biaryls has proven to be the
most popular in recent times.” 4-Bromo 3-pentadecyl anisole was treated with 4-
methoxy boronic acid and potassium carbonate in presence of catalytic amount of
tetrakis(triphenylphosphine)palladium and toluene as a solvent. The deprotection of
dimethoxy compound was carried out by HBr in acetic acid.?> ** The obtained 3-
pentadecyl biphenol was purified using column chromatography and characterized by
IR, "H NMR and **C NMR,

'H NMR spectrum of 4, 4'-dimethoxy-2-pentadecyl-1,1'-biphenyl is
represented in Figure 3.27. In the aromatic region, three protons meta to methoxy
group appeared as a multiplet in range 7.05-7.16 & ppm while four protons ortho to
methoxy group appeared as a multiplet in the range 6.91-6.71 6 ppm. The protons of
methoxy group exhibited two separate singlets at 3.80 and 3.81 6 ppm, it could be
attributed to the non-symmetry in the structure. The protons of benzylic -CH; of
pentadecyl chain exhibited a triplet at 2.50 6 ppm while protons of —CH; which is  to
the aromatic ring appeared as multiplet in region 1.39-1.46 & ppm. The other —CH,
protons of the pentadecyl chain showed a multiplet in the range 1.13-1.24 6 ppm and
terminal —CHj; group protons appeared as a triplet at 0.84 & ppm.
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Figure 3.27 *H NMR spectrum (in CDCls) of 4, 4'-dimethoxy-2-pentadecyl-1,1'-
biphenyl
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13C NMR spectrum of 4, 4'-dimethoxy-2-pentadecyl-1,1"-biphenyl along with
assignments is reproduced in Figure 3.28. The assignments were also confirmed from
DEPT spectrum.
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Figure 3.28 *°C NMR spectrum (in CDCls) of 4, 4'-dimethoxy-2-pentadecyl-1,1'-
biphenyl

FT-IR spectrum of 3-pentadecyl biphenol is shown in Figure 3.29. The broad
absorption peak at 3281 cm™ is due to -O-H bond stretching of the —OH group.
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Figure 3.29 FT-IR spectrum of 3-pentadecyl biphenol
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'H NMR spectrum of 3-pentadecyl biphenol is depicted in Figure 3.30. The
protons meta to —OH of aromatic ring without pentadecyl chain exhibited a doublet of
triplet at 7.13 & ppm while protons ortho to -OH of aromatic ring without pentadecyl
chain exhibited doublet of triplet at 6.84 & ppm. The doublets at 7.04 and 6.74 6 ppm
are due to the protons meta and ortho to pentadecyl chain, respectively. The protons
para to pentadecyl chain appeared as doublet of doublet at 6.67 6 ppm. The broad
peak at 4.73 & ppm iS due to the phenolic hydroxy protons. The triplet at 2.50 6 ppm is
assigned to benzylic —CH; of pentadecyl group, the methylene protons [ to the
aromatic ring appeared as a multiplet in the range 1.44-1.48 & ppm and multiplet in
the range 1.17-1.28 6 ppm could be assigned to the remaining —CH, protons of the
pentadecyl chain. The terminal —CHj3 protons of pentadecyl chain showed a triplet at
0.88 6 ppm.
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Figure 3.30 *H NMR spectrum (in CDCI3) of 3-pentadecyl biphenol
3C NMR spectrum of 3-pentadecyl biphenol along with assignments is
represented in Figure 3.31. The assignments were also confirmed from DEPT

spectrum.
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Figure 3.31 *C NMR spectrum (in CDCls) of 3-pentadecyl biphenol

3.4.6 Synthesis of 2, 2’-dipentadecyl-[1,1'-biphenyl]-4,4'-diol
A new fully bio-based biphenol viz., 2, 2’-dipentadecyl-[1,1'-biphenyl]-4,4'-
diol was synthesized starting from 4-bromo-3-pentadecyl anisole following the route
shown in Scheme 3.6.

OCH i
3 Ni(COD),, COD CsHa CysHaq
Bipyridyl HBr/ CH3COOH
et e o o, " iy (0
0,
C1sHa4 THF, Reflux 78 %
Br 75 % C15H34 C15H31

Scheme 3.6 Synthesis of 2, 2°-dipentadecyl-[1,1'-biphenyl]-4,4'-diol

4,4'-Dimethoxy-2,2’-dipentadecyl-1,1-biphenyl ~ was  synthesized by
homocoupling of 4-bromo-3-pentadecyl anisole. The coupling was carried out in the
presence of bis(1,5-cyclooctadiene)nickel [Ni(COD),], 1,5- cyclooctadiene (COD)
and bipyridine in toluene. The reaction is known as Yamamoto coupling® ! which is
a carbon-carbon bond forming reaction of aryl halides via mediation of a transition
metal catalyst, bis(cyclooctadiene)nickel(0). The product formed was purified by
column chromatography.

'H NMR spectrum of 4, 4'-dimethoxy-2,2’-dipentadecyl-1,1'-biphenyl is
represented in Figure 3.32. The protons meta to methoxy group exhibited a doublet at
6.99 & ppm, protons ortho to pentadecyl chain appeared as doublet at 6.81 & ppm and
protons para to pentadecyl chain appeared as doublet of doublet at 6.73. The protons

of methoxy group appeared as a singlet at 3.84 & ppm. The protons of benzylic —CH,
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group appeared as a multiplet in the region 2.18-2.42 & ppm. The multiplicity may be
because of different orientation of aryl rings. The —CH, group £ to aromatic ring
appeared as a multiplet in region 1.37-1.44 3 ppm. The remaining methylene group
protons exhibited a multiplet over the range 1.14-1.26 6 ppm. The terminal —CH3
group appeared as a triplet at 0.87 6 ppm.
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Figure 3.32 'H NMR spectrum (in CDCls) of 4,4'-dimethoxy-2,2’-dipentadecyl-
1,1'-biphenyl

3C NMR spectrum of 4,4'-dimethoxy-2,2’-dipentadecyl-1,1'-biphenyl along
with assignments is reproduced in Figure 3.33.
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Figure 3.33 *C NMR spectrum (in CDCls) of 4,4'-dimethoxy-2,2’-dipentadecyl-
1,1'-biphenyl
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In next step, demethylation of 4,4'-dimethoxy-2,2’-dipentadecyl-1,1'-biphenyl
using 48% hydrobromic acid and glacial acetic acid afforded the desired biphenol, 2,
2’-dipentadecyl-[1,1'-biphenyl]-4,4"-diol 2% ¥

FT-IR spectrum of 2, 2’-dipentadecyl-[1,1'-biphenyl]-4,4'-diol is shown in
Figure 3.34. Phenolic hydroxyl group band was observed at 3273 cm™.
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Figure 3.34 FT-IR spectrum of 2, 2°-dipentadecyl-[1,1'-biphenyl]-4,4'-diol

'H NMR spectrum of 2, 2’-dipentadecyl-[1,1'-biphenyl]-4,4'-diol is shown in
Figure 3.35. The protons meta to hydroxyl groups exhibited a doublet at 6.93 6 ppm,
protons ortho to pentadecyl chain exhibited a doublet at 6.72 & ppm and protons para
to pentadecyl chains appeared as a doublet of doublet at 6.65 & ppm. The phenolic
hydroxyl protons showed a broad singlet at 4.70 6 ppm. The multiplet in the region
2.19-2.33 & ppm could be assigned to benzylic —CH, group. The benzylic —CH,
groups are supposed to give a triplet but the —CH, groups of appeared as multiplet due
to different conformations or some another electronic non equivalence in the
structure. The -CH, group B to aromatic ring exhibited a multiplet in the region 1.36-
1.40 & ppm while rest of methylene groups of the pentadecyl chain appeared as
multiplet in the region 1.27-1.33 & ppm. The terminal —CHj; group showed a triplet at
0.88 5 ppm.
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Figure 3.35 *H NMR spectrum (in CDCI5) of 2, 2’-dipentadecyl-[1,1'-biphenyl]-
4,4'-diol
13C NMR spectrum of 2, 2’-dipentadecyl-[1,1'-biphenyl]-4,4'-diol along with

assignments of carbon atoms is shown in Figure 3.36
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Figure 3.36 *C NMR spectrum (in CDCIs) of 2, 2°-dipentadecyl-[1,1'-biphenyl]-
4,4'-diol
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3.4.7 Synthesis of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarbohydrazide
3.4.7.1 Synthesis of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid
Scheme 3.7 outlines the route for synthesis of 3-pentadecyl-[1,1'-biphenyl]-

4,4'-dicarboxalic acid from 3-pentadecyl phenol.

OH
@\ Triflic anhydrlde ©\ O O Br,/ FeCl;
e

15H31 Py"d'“e CisHaq Pd(PPh3)4 DCM

92 % DMF CisH3y 85 %
84 %

KOH / Ethylene glycol

CuCN/ CuSO,
DMF, Reflux Reflux, 180°C

CqsH34 48 % CisH34 87 %

HOOCCOOH

Cq5H34
Scheme 3.7 Synthesis of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid from

3-pentadecyl phenol

The synthesis of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid was
carried out from 3-pentadecyl phenol using five steps. In the first step, 3-pentadecyl
triflate was prepared from 3-pentadecyl phenol and trifluoromethanesulfonic
anhydride in the presence of pyridine in dichloromethane as a solvent. Aryl triflates
are well known as versatile intermediates for conversion of phenols into a wide range
of aromatic compounds.’* * The most common application of triflates is in
organomatallic coupling reactions.?® The formation of triflate was confirmed by FT-
IR, *H NMR and **C NMR spectroscopy.

'H NMR spectrum of 3-pentadecy! triflate is represented in Figure 3.37. The
most downfield proton ‘a’ ortho to OTf appeared as a mutiplet in the region 7.33-7.39
o ppm whereas proton meta to pentadecyl chain ‘c’ exhibited a doublet at 7.20 6 ppm.
The multiplet in the region 7.07-7.11 could be attributed to the protons ‘b’ and ‘d’.
The benzylic methylene protons of the pentadecyl chain exhibited a triplet at 2.65 &
ppm. The protons of methylene group 3 to aromatic ring appeared as a multiplet in the

region 1.50-1.65 & ppm while remaining methylene protons of the pentadecyl chain
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appeared as mutiplet in the region 1.23-1.31 & ppm. The terminal methyl group proton
exhibited triplet at 0.89 6 ppm.
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Figure 3.37 'H NMR spectrum (in CDCI;) of 3-pentadecyl triflate
3C NMR spectrum of 3-pentadecyl triflate along with assignments is

presented in Figure 3.38. The assignments were also confirmed from DEPT

spectrum.
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Figure 3.38 *C NMR spectrum (in CDCls) of 3-pentadecyl triflate

In the second step, 3-pentadecyl triflate was coupled with phenyl boronic acid
in the presence of potassium carbonate and catalytic amount of
tetrakis(triphenylphosphine)palladium using Suzuki coupling in toluene to obtain 3-

pentadecyl biphenyl. 3-Pentadecyl biphenyl was purified by silica gel column
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chromatography and was characterized by FT-IR, 'H NMR and *C NMR
spectroscopy.

'H NMR spectrum of 3-pentadecyl biphenyl is reproduced in Figure 3.39. In
'H NMR spectrum, the two doublets at 7.63 and 7.59 & ppm could be attributed to the
protons ‘a’ and ‘f’, respectively whereas the doublet at 7.19 6 ppm could be attributed
to the proton ‘e’. The rest of the aromatic protons (b, ¢, d, g) appeared as a mutiplet in
the region 7.33-7.50 & ppm. The benzylic -CH, group exhibited triplet at 2.69 & ppm
and —CH; group P to aromatic ring exhibited a mutiplet in the range 1.62-1.75 & ppm.
The remaining methylene protons and methyl group of the pentadecyl chain appeared

as a multiplet in the range 1.21-1.35 & ppm and triplet at 0.90, respectively.
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Figure 3.39 *H NMR spectrum (in CDCIs) of 3-pentadecyl biphenyl

3C NMR spectrum of 3-pentadecyl biphenyl along with assignments is shown
in Figure 3.40 and the assignments are in good agreement with the proposed
structure.
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Figure 3.40 *C NMR spectrum (in CDCls) of 3-pentadecyl biphenyl

3-Pentadecyl biphenyl was selectively brominated at para-para’ positions
using bromine as brominating agent in the presence of ferric chloride and iodine as
catalysts in dichloromethane.®* The number of bromination procedures®*’ with
different brominating agents and catalyst are available but above mentioned method
was found to be satisfactory for the bromination of 3-pentadecyl biphenyl with good
selectivity. The product 4,4’-dibromo 3-pentadecyl biphenyl was characterized by *H
NMR and *C NMR spectroscopy. In 'H NMR spectrum of 4.,4’-dibromo 3-
pentadecyl biphenyl (Figure 3.41), three protons ortho to —Br exhibited multiplet in
region 7.54-7.60 6 ppm. The multiplet in the range 7.37-7.44 & ppm could be
attributed to the protons meta to —Br (except ‘e’). The most upfield aromatic proton
‘e’ exhibited a doublet of doublet at 7.21 6 ppm. The benzylic methylene protons of
pentadecyl chain exhibited triplet at 2.77 & ppm and protons of methylene group 3 to
aromatic ring exhibited a mutiplet in the range 1.59-1.70 6 ppm. The rest of
methylene protons appeared as a multiplet in the range 1.21-1.35 6 ppm. The terminal

methyl group of the pentadecyl chain exhibited triplet at 0.90 & ppm.
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Figure 3.41 'H NMR spectrum (in CDCl5) of 4,4’-dibromo 3-pentadecyl biphenyl
B3C NMR spectrum of 4,4’-dibromo 3-pentadecyl biphenyl along with
assignments is shown in Figure 3.42.
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Figure 3.42 C NMR spectrum (in CDCls;) of 4,4’-dibromo 3-pentadecyl
biphenyl

The most downfield carbons ‘5’ and ‘4’ appeared as two different signals, it
could be attributed to non-symmetry in the structure. The carbon ‘5’ appeared at
142.68 & ppm whereas carbon ‘4’ and carbon bearing pentadecyl chain exhibited two

different but very close signals at and 139.21 and 139.15 & ppm. The carbons ortho

Savitribai Phule Pune University 113 CSIR-National Chemical Laboratory



Chapter 3 Synthesis and Characterization of Condensation Monomers

and meta to bromine of aromatic ring without pentadecyl chain appeared at 128.53
and 131.92 6 ppm, respectively. The peak at 133.15, 128.67 and 125.77 6 ppm could
be assigned to carbons ortho, meta and para to pentadecyl chain, respectively.
Carbons attached to bromine atom exhibited signals at 113.95 and 121.77 ppm. The
carbons of pentadecyl chain appeared in the aliphatic region as shown in Figure 3.42.

The cyanation of 4,4’-dibromo 3-pentadecyl biphenyl was carried out using
copper cyanide in the presence of copper sulfate as a catalyst in N, N-dimethyl
formamide. This method of synthesis of aromatic nitriles is known as Rosenmund-von

38-40

Braun reaction and is the most practical and cost effective method as compared to

the other cyanation methods.*>°
'H NMR spectrum of 4, 4> dicyano 3-pentadecyl 1,1’ biphenyl along with

assignments is reproduced in Figure 3.43.
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Figure 3.43 '"H NMR spectrum (in CDCls) of 4, 4> dicyano 3-pentadecyl 1,1°
biphenyl

The four protons of aromatic ring without pentadecyl chain and proton ortho
to —CN of pentadecyl substituted ring appeared as a multiplet over the range 7.66-7.79
d ppm. The protons meta to —CN group of aromatic ring without pentadecyl exhibited
multiplet in range 6.45-6.52 & ppm. The downfield shift in all aromatic protons as
compared to precursor dibromo compound is due to electron withdrawing effect of —
CN group. The benzylic protons of pentadecyl chain also get shifted to 2.90 6 ppm.
The methylene protons  to aromatic ring exhibited multiplet in the range 1.66-1.76 6
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ppm whereas the rest of methylene protons appeared as multiplet in the range 1.21-
1.35 6 ppm. The terminal methyl group appeared as a triplet at 0.87 6 ppm.

13C NMR spectrum of 4, 4’ dicyano 3-pentadecyl 1,1° biphenyl along with
assignments is shown in Figure 3.44. The peaks of the carbon of —CN groups
appeared at 117.76 and 118.45 6 ppm which confirmed the formation of 4, 4’ dicyano
3-pentadecyl 1,1’ biphenyl.

Chlorqform-d
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Figure 3.44 *C NMR spectrum (in CDCls) of 4, 4° dicyano 3-pentadecyl 1,1’

biphenyl

The hydrolysis of 4, 4’ dicyano 3-pentadecyl 1,1’ biphenyl was carried out in
ethylene glycol/water in the presence of potassium hydroxide to form 3-pentadecyl-
[1,1'-biphenyl]-4,4"-dicarboxylic acid.®> 2 The formation of 3-pentadecyl-[1,1'-
biphenyl]-4,4'-dicarboxylic acid was confirmed by FT-IR, *"H NMR and *C NMR
spectroscopy.

FT-IR spectrum of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid is
shown in Figure 3.45. The broad absorption band in the region 3100-3600 cm™ is a
characteristic of —O-H stretching of -COOH group. The absorption bands at 1684 cm’

!is due to C=0 stretching of carboxylic acid.
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Figure 3.45 FT-IR spectrum of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid
'H NMR spectrum of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid is
depicted in Figure 3.46.
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Figure 3.46 'H NMR spectrum (in THF-dg) of 3-pentadecyl-[1,1'-biphenyl]-4,4'-
dicarboxylic acid

The protons ortho to carboxyl group of aromatic ring without pentadecyl chain
appeared as a doublet at 8.10 6 ppm whereas proton ortho to carboxyl group on
pentadecyl substituted aromatic ring exhibited a doublet at 8.02 & ppm. The protons
meta to carboxyl group of aromatic ring without pentadecyl chain exhibited a doublet
at 7.77 & ppm while that of pentadecyl substituted ring appeared as a multiplet in
region 7.56-7.62 & ppm. The benzylic methylene protons of pentadecyl chain
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exhibited a triplet at 3.10 & ppm. The rest of —CH, groups exhibited a multiplet in the
region 1.24-1.32 6 ppm and —CHg; group showed a triplet at 0.88 6 ppm.

3C NMR spectrum of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid
along with assignments is represented Figure 3.47.

THF-d8 THF-d8
[}
o N MM~ 00O SW
O OHO NMNAMNON OO N M N OMMNO 0
O~ OB NAO N WL ORWLMNTd ©ORRXOIING
O © S ST OOOMO NN (S0l el el Dy LMNMOOoOOoOOoOWLMS
pH Al BeEhy HEELREENT

150 100 50
Figure 3.47 3C NMR spectrum (in THF-dg) of 3-pentadecyl-[1,1'-biphenyl]-4,4'-
dicarboxylic acid

The carbonyl carbons of the carboxyl groups Ci, and C; appeared at 168.69
and 167.52 & ppm, respectively. The chemical shift values of other carbon atoms were
in good agreement with the proposed structure of the diacid.

3.4.7.2 Synthesis of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarbohydrazide

Scheme 3.8 depicts route for the synthesis of 3-pentadecyl-[1,1'-biphenyl]-

4,4'-dicarbohydrazide from 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxalic acid

Methanol / H,SO,
HOOC O O COOH > H,;CO0C O O COOCHg;
85 %

CqsHzq Cq5Ha4

Hydrazine Hydrate

Methanol
> H,NHNOC O O CONHNH,
Reflux

90 % C15H31
Scheme 3.8 Synthesis of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarbohydrazide from

3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxalic acid
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The synthesis of dimethyl 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylate was
carried out by esterification of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid
using methanol in presence of concentrated sulfuric acid. The obtained diester was
characterized by FT IR, 'H NMR and *C NMR spectroscopy. FT-IR spectrum
showed characteristic absorption band of ester carbonyl at 1721 cm™.

'H NMR and *C NMR spectra of dimethyl 3-pentadecyl-[1,1'-biphenyl]-4,4"-
dicarboxylate with assignments are shown in Figure 3.48 and 3.49, respectively.

In '"H NMR spectrum, protons ortho to ester carbonyl groups ‘b’ and ‘¢’
appeared as doublets at 8.11 and 7.96 6 ppm, respectively. The protons meta to ester
carbonyl of aromatic ring without pentadecyl chain ‘c’ exhibited a doublet at 7.68
ppm whereas protons ‘f” and ‘d’ of pentadecyl-substituted aromatic ring exhibited a
multiplet in the region at 7.46-7.50 & ppm. The two methyl groups of ester exhibited
two different singlets at 3.92 and 3.95 6 ppm which could be attributed to non-
symmetrical structure. The benzylic —-CH, appeared as a triplet at 3.02 & ppm and rest

of protons of the pentadecyl chain appeared in aliphatic region.
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Figure 3.48 'H NMR spectrum (in CDCls;) of dimethyl 3-pentadecyl-[1,1'-
biphenyl]-4,4'-dicarboxylate

In *C NMR spectrum, the carbonyl carbon showed two different peaks at
167.85 and 166.85 & ppm. Similarly, methyl carbons of two ester groups exhibited
two different peaks at 52.20 and 51.98 6 ppm. The assignments of other carbons are

given in Figure 3.49 and are in good agreement with proposed structure.
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Figure 3.49 *C NMR spectrum (in CDCIls) of dimethyl 3-pentadecyl-[1,1'-
biphenyl]-4,4'-dicarboxylate

In final step, dimethyl 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylate was
refluxed with hydrazine hydrate in methanol to form 3-pentadecyl-[1,1'-biphenyl]-
4,4-dicarbohydrazide.>® °* 3-Pentadecyl-[1,1-biphenyl]-4,4'-dicarbohydrazide was
characterized by FT-IR, *H NMR, and **C NMR spectroscopic methods.

Figure 3.50 depicts FT-IR spectrum of 3-pentadecyl-[1,1'-biphenyl]-4,4'-
dicarbohydrazide. The broad absorption band at 3299 cm™ is due to —N-H stretching
of —NH, and —NH- group of —-CONHNH, group. The absorption band at 1602 cm™

corresponds to carbonyl stretching of acyl hydrazide.

3299

2927

Transmittance (%)

1602

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 350 FT-IR spectrum of  3-pentadecyl-[1,1'-biphenyl]-4,4'-
dicarbohydrazide
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'H NMR spectrum of 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarbohydrazide is
represented in Figure 3.51

The two —NH- protons of two acyl hydrazide groups exhibited two singlets at
8.98 and 8.67 & ppm. The protons ortho and meta to acid hydrazide group of aromatic
ring without pentadecyl chain appeared as doublets at 7.90 and 7.70 & ppm,
respectively while the protons of pentadecyl substituted aromatic ring exhibited a
multiplet in the region 7.37- 7.55 & ppm. The —NH, group protons of the acyl
hydrazide groups showed a broad singlet at 4.27 6 ppm. The benzylic —CH, of
pentadecyl chain appeared as a triplet at 2.86 6 ppm; whereas, rest of methylene group
protons appeared as a multiplet in the range 1.62-1.70 6 ppm and a multiplet in region

1.25-1.33 & ppm. The —CHj3 group appeared as a triplet at 0.89 & ppm.
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Figure 3.51 *H NMR spectrum (in THF-dg) of 3-pentadecyl-[1,1'-biphenyl]-4,4'-
dicarbohydrazide

3C NMR spectrum of 3-pentadecyl-[1,1-biphenyl]-4,4'-dicarbohydrazide
along with assignments is reproduced in Figure 3.52. In *C NMR spectrum, carbonyl
carbons of the acyl hydrazide groups resonated at different frequencies giving rise to
two peaks at 170.19 and 167.44 5 ppm.
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—170.19
—167.44

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Figure 3.52 3C NMR spectrum (in THF-dg) of 3-pentadecyl-[1,1'-biphenyl]-4,4'-
dicarbohydrazide

3.5 Conclusions

1. The utility of 3-pentadecyl phenol, which in turn was obtained from CNSL, as
a promising renewable starting material for synthesis of various difunctional
monomers such as dialdehyde, bisphenols, diamine, dihalide, dinitrile, diacids
and diacylhydrazides was demonstrated. Ten new difunctional monomers viz;
1. 4-(4-Formylphenoxy)-2-pentadecylbenzaldehyde
2. 4-(4-Hydroxyphenoxy)-3-pentadecylphenol
3. 4-(4-(4-(4-Aminophenoxy)-2-pentadecylphenoxy)phenoxy)aniline
4. 4-(4-(4-(4-Carboxyphenoxy)-2-pentadecylphenoxy)phenoxy)benzoic acid
5. 4-(4-(4-(4-(Hydrazinocarbonyl)  phenoxy)-  2-pentadecyl phenoxy)

phenoxy) benzohydrazide

6. 3-Pentadecyl 4,4' biphenol
7. 2, 2-Pentadecyl-[1,1'-biphenyl]-4,4'-diol
8. 4,4’-Dibromo 3-pentadecyl biphenyl
9. 3-Pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid and
10. 3-Pentadecyl-[1,1-biphenyl]-4,4'-dicarbohydrazide
with different structural features such as pendent pentadecyl chain, flexible
ether linkages or rigid biphenylene moiety were synthesized

2. The difunctional monomers represent valuable building-blocks for the

synthesis of a host of high performance/ high temperature polymers.
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4.1 Introduction
Among high performance polymers, aromatic polyesters are of great
importance since they exhibit excellent thermal stability, mechanical properties, good
chemical resistance and are excellent candidates for aviation, automobile and
electrical industries.” 2 The poor solubilities in common organic solvents, coupled
with high melting (Tm) and glass transition temperature (Tg) results in poor

processability of aromatic polyesters * *

which results from the presence of strong
interchain interactions from symmetrical and polar groups. To surmount this, it is
desirable to incorporate structural features in polyester backbone so as to obtain
greater degree of solubility and improved processing characteristics without
compromising their desirable characteristics.

Solubility / processability of polyesters may be improved by (i) introducing
flexible linkages in the polymer backbone; (ii) introducing monomers with crank shaft
or bent units along the backbone and (iii) the use of bulky side groups or flexible side
chains.>?! These approaches work by forcing the chains apart and lend to the
improved solubility and better processability.

Continuing with our efforts towards processable high performance polymers

containing pendent pentadecyl chains,?*°

we wish to report the interfacial
polycondensation of HPPDP with terephthalic acid chloride (TPC), isophthalic acid
chloride (IPC) and a mixture of TPC and IPC (50:50 mol %) to form a series of
polyesters. Copolyesters were also prepared from varying composition of HPPDP and
bisphenol-A (BPA) with TPC. The influence of pentadecyl chains on solubility, Ty
and mechanical properties is discussed.

4.2. Experimental

4.2.1 Materials

4-(4-Hydroxyphenoxy)-3-pentadecylphenol (HPPDP) was prepared by

procedure given in Chapter 3. Terephthalic acid chloride (TPC) and isophthalic acid
chloride (IPC) (both received from Aldrich, USA) were purified by distillation under
reduced pressure. 2, 2-Bis(4-hydroxyphenyl)propane (bisphenol-A, BPA) received
from Aldrich, USA and sublimed before use. Benzyltriethylammonium chloride
(BTEAC) was received from Aldrich, USA and was used as received.
Dichloromethane, received from Rankem, India was dried over calcium hydride and
distilled before use. The other solvents were of reagent grade quality and were
purified before use according to the reported procedures.*
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4.2.2 Measurements
Inherent viscosity (ninn) of polymers was measured with 0.5 % (w/v) solution
of polymer in chloroform or phenol- tetrachloroethane mixture (60:40, w/w) at 30 +

0.1°C using an Ubbelhode suspended level viscometer.

2.303 t
xlog—
tO

ninh Was calculated using the equation: n._ -

Where, t and t, are flow times of polymer solution and solvent, respectively
and C is the concentration of polymer solution.

Molecular weights of (co)polyesters were measured on ThermoFinnigan make
gel permeation chromatograph (GPC), using the following conditions: Column -
polystyrene-divinylbenzene (10°A to 50 A), Detector - RI, room temperature.
Polystyrene was used as the calibration standard. Polymer sample (5 mg) was
dissolved in 5 mL chloroform and filtered through 0.2 p SS-filter.

FTIR spectra were recorded on a Perkin-Elmer Spectrum GX
spectrophotometer.

NMR spectra were recorded on a Bruker NMR spectrometer at resonance
frequency of 200 or 400 MHz for *H and 50 MHz for **C measurements using CDCl5
as a solvent.

Solubility of (co) polyesters was determined at 3 wt. % concentration in
various solvents at room temperature or on heating. For chloroform and
tetrahydrofuran the temperature was 50 °C while that for dichloromethane it was 35
°C. For remaining solvents, the temperature used was 60 °C.

X-Ray diffractograms of polymers were obtained on a Rigaku Dmax 2500 X-
ray diffractometer at a tilting rate of 2°/min over a range of scattering angle from 5° to
40°. Dried polymer film or powder was used for X-ray measurements.

Thermogravimetric analysis was performed on Perkin-Elmer TGA-7 system at
a heating rate of 10 °C/min under nitrogen atmosphere. Sample weight taken was ~5
mg.

DSC analysis was carried out on TA Instruments DSC Q10 at a heating rate of
10 °C/min in nitrogen atmosphere.

Dynamic mechanical analysis (DMA) of copolyesters as a function of
temperature was determined on films cast from chloroform solution. The sample
dimensions were 15 x 6.6 mm (length x width) and thickness between 0.10 and 0.15

mm. The measurements were carried out in a Rheometrics Scientific (model Mark V)
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(UK), using the tensile mode between 20 and 250 °C, at frequency of 1 Hz and
heating rate of 10 °C/min under nitrogen atmosphere.
4.3 Synthesis of (co)polyesters
A representative procedure for the synthesis of polyesters is given below:
HPPDP (412 mg, 1 mmol) and 1M NaOH (1.95 mL) were taken into a 100
mL two-necked round bottom flask equipped with a high speed mechanical stirrer and
an addition funnel and stirred for 10-15 minutes. BTEAC (30 mg) was added to the
reaction mixture and the mixture was cooled to 10 °C. TPC (202 mg, 2 mmol)
dissolved in dichloromethane (20 mL) was added in a single lot to the reaction
mixture and the mixture was vigorously stirred at 2000 rpm for 1 h. The aqueous layer
was decanted and organic layer was diluted with additional 15 mL of
dichloromethane. The polymer solution was precipitated in excess of methanol, the
precipitated polymer was washed several times with water and then with methanol
and dried under reduced pressure for 48 h.
A similar procedure was followed for the synthesis of other (co)polyesters.
4.4 Results and Discussion
4.4.1 Synthesis of (co)polyesters
Scheme 4.1 illustrates synthesis of (co)polyesters based upon HPPDP.
Polyesters and copolyesters were synthesized by interfacial polycondensation with a
solution of diacid chloride in dichloromethane and aqueous solution of sodium salt of
HPPDP or a mixture of sodium salts of both HPPDP and BPA using BTEAC as the

phase transfer catalyst.

CH; o

)
mHoQoOOH +n |-|00|-| + (m+n) CI—&O&—CI

CH,
CqsH3q

Aq. NaOH
DCM BTEAC

0-10 °C

Q Q CHs Q Q
oo b O e O T 202
CHs
CqsH3q
m n

Scheme 4.1 Synthesis of (co)polyesters from HPPDP and BPA with TPC

Savitribai Phule Pune University 127 CSIR-National Chemical Laboratory



Chapter 4 Synthesis and Characterization of Polyesters ...

Aromatic polyesters are generally difficult to process because of the rigid
polymer backbone. Copolymerization is one of the most useful approaches for
improving solubility and, in-turn, processability of polymers. Since BPA and TPC
based polyester® is insoluble in common organic solvents such as chloroform and
dichloromethane, it was of interest to study the effect of incorporation of HPPDP on
the solubility properties of polyesters derived from BPA and TPC. Accordingly, TPC-
based copolyesters were synthesized by varying composition of BPA and HPPDP.
The results of polymerization reactions are summarized in Table 4.1. Inherent
viscosity of (co) polyesters was in the range 0.70-1.21 dL/g. Results of GPC
measurements for polyesters are presented in Table 4.1.

Table 4.1 Synthesis of (co)polyesters from HPPDP and BPA with aromatic diacid

chlorides

- Composition of
Composition of

) Diacid Chloride ;g Molecular Weight PDI

Polymer Diols (mol%b)
(mol%) (dL/g)? (Mw/Mn)

HPPDP BPA TPC IPC Mn (x10°)  Mw(x10°)
PE-I 100 0 100 O 1.19 48.3 85.3 2.09
PE-Il 100 0 0 100 0.74 24.4 55.0 2.25
PE-I1l 100 0 50 50 1.21 27.1 86.8 3.20
PE-IV 25 75 100 0 1.07 39.7 72.7 1.83
PE-V 15 85 100 0 0.72 19.1 49.3 2.50
PE-VI 10 90 100 0 0.70°  22.7 51.6 2.20
PE-VII 05 95 100 0 0.74°  16.0 23.1 1.44
PE-I 0 100 0 100 0.43° - - -

a: Ninn Was measured with 0.5% (w/v) solution of polyester in CHCI; at 30 + 0.1°C.;
b: M Of polyester was measured with 0.5% (w/v) solution of polyester in
phenol/tetrachloroethane (60/40,w/w) at 30 + 0.1°C

Number average molecular weights (Mn) of polyesters were in the range
16,000-48,300 and polydispersity index was in the range 1.44-3.20. Inherent viscosity
and GPC data indicated the formation of reasonably high molecular weight polymers.
However, the molecular weight values provided by GPC should not be taken as

absolute as the calibration of GPC was carried out using polystyrene as the standard.
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Transparent, flexible and tough films of (co)polyesters could be cast from chloroform
solution.

4.4.2 Structural characterization
(Co)polyesters were characterized by FT-IR, 'H NMR and *C NMR
spectroscopy. In the FTIR spectrum of polyester derived from HPPDP and IPC

(Figure 4.1) ester carbonyl stretching and aromatic ether (Ar-O-Ar) stretching were
observed at 1739 and 1220 cm ™, respectively.

B /

X

3

c 2927 “ H

5

=

(2}

s 1739 1220

=

y T y | y T ' | ' | ' | '
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 4.1 FT-IR spectrum of polyester (PE-II) derived from HPPDP and IPC

Figure 4.2 depicts *H NMR spectrum of polyester derived from HPPDP and
TPC along with assignments. Terephthalic acid ring protons appeared as a singlet at &
= 8.35 ppm. The aromatic protons of HPPDP exhibited multiplet in the range 7.02-
7.26 ppm. The benzylic methylene protons appeared as a triplet at & = 2.67 ppm. The
methylene protons in B-position to aromatic ring and remaining methylene protons
exhibited broad peaks centered at 1.65 and 1.25 ppm, respectively. The terminal
methyl group protons appeared as a triplet at 0.87 ppm.
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Figure 4.2 '"H NMR spectrum (in CDCls) of polyester (PE-1) derived from
HPPDP and TPC

3C NMR spectrum of polyester (PE-I) derived from HPPDP and TPC along
with assignments is reproduced in Figure 4.3. The appearance of peak at 164.45 &
ppm corresponds to carbonyl carbon of ester group.
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Figure 4.3 *C NMR spectrum (in CDCIs) of polyester (PE-1) derived from
HPPDP and TPC
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'H NMR spectrum of polyester (PE-II) derived from HPPDP and IPC is
represented in Figure 4.4. The protons of isophthalic acid moiety viz. f, g and h
appeared as a singlet at 9.05 6 ppm, a doublet at 8.48 6 ppm and a triplet at 7.70
ppm, respectively. The aromatic protons of HPPDP moiety appeared as a multiplet in
the range 7.0-7.23 6 ppm. The benzylic methylene protons exhibited a triplet at & =
2.66 ppm. The protons of methylene group B to aromatic ring exhibited a multiplet in
the range 1.59-1.65 & ppm while rest of methylene groups appeared as a multiplet in
the range 1.22-1.35 & ppm. The terminal methyl group exhibited a triplet at 0.86 ppm.
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Figure 4.4 'H NMR spectrum (in CDCls) of polyester (PE-I1) derived from
HPPDP and IPC

Figure 4.5 depicts *C NMR spectrum of polyester (PE-I1) derived from
HPPDP and IPC. The ester carbonyl carbon appeared at 164.50 & ppm and other

spectral assignments are in good agreement with the proposed structure.
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Figure 4.5 C NMR spectrum (in CDCIls) of polyester (PE-11) derived from
HPPDP and IPC

'H NMR spectroscopy was used to determine the composition of copolyesters.
To calculate the composition, the integrated intensity of terephthalic acid ring protons
was compared with that of benzylic methylene protons of pentadecyl chain which
appeared as a triplet at 2.66 ppm. (Figure 4.6) The integrated intensity ratio of these
peaks was used to determine the molar percentage incorporation of HPPDP. As
shown in Table 4.2, there is an excellent agreement between the observed

incorporation of HPPDP and the amount taken for polymerization.
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Chlorqform-d
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Figure 4.6 'H NMR spectra (in CDCls) of copolyesters derived from various
proportions of HPPDP and BPA with TPC (PE-1V to VII)

Table 4.2 Copolyester composition from *H NMR spectra

Copolyester Feed HPPDP, mol% Observed HPPDP, mol%

PE-IV

PE-V

PE-VI

PE-VII

25

15

10

05

25

15

10

05
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4.4.3 Solubility measurements
The solubility of (co)polyesters was tested in different organic solvents at 3
wt% concentration. The solubility data is summarized in Table 4.3.
Table 4.3 Solubility data of (co)polyesters containing pendent pentadecyl chains
and that of reference polyester based on BPA-TPC

Composition of Diacid

<) c
c &
diol, Chloride E £ 35 -
(CO) o @ S L © O 9) c
(mol%) (mol%) 5 E 5 S <§E o ¢ T
polyester S S 2 4 2 = O =
5 £ & ° e &
HPPDP BPA  TPC IPC © 2 ks
a +
PE-I 100 0 100 0  ++ ++ ++ 40 40 40  ++  ++
PE-II 100 0 0 100 ++ ++ ++ 40 40 +0 4+  ++
PE-111 100 0 50 50 ++ 4+ 4+ 40 40 40+ ++
PE-IV 25 75 100 0 T+ A 40 - - 4 4
PE-V 15 85 100 0 4+ 4+ 40 - o~ — 1+ 40
PE-VI 10 90 100 0 o 4 40 - e x40
PE-VII 05 95 100 0 +0 +0 -- -- -- - ++
PE-VIII 0 100 100 0 -

++ : soluble at room temperature; +- : soluble on heating; +0 : partially soluble on heating; -- :
insoluble on heating; (Heating temperatures for different solvents are mentioned in the
experimental section).

Polyesters obtained from HPPDP and aromatic diacid chlorides were soluble
in organic solvents such as chloroform, dichloromethane, tetrahydrofuran, m-cresol
and pyridine and were also found to be soluble upon heating in aprotic polar solvents
such as DMAc and N,N dimethylformamide (DMF). It is to be noted that reference
polyesters based on 4, 4’-oxybisphenol with TPC and BPA with TPC (PE-VIII) are
reported to be insoluble in common organic solvents such as chloroform and
dichloromethane.®* %

The solubility tests of copolyesters indicated that even at 15 mol%
incorporation of HPPDP, the solubility of copolyesters in common organic solvents

was improved significantly. This improvement in solubility indicates that the
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incorporation of pendent pentadecyl chains in polyester backbone disturbs the dense
chain packing of polymer chains which facilitates penetration of the solvent
molecules.
4.4.4 X-Ray diffraction studies
To investigate the effect of pendent pentadecyl chain on the crystallinity of
polyesters, X-ray diffractograms of HPPDP-based (co)polyesters along with that of
polyester derived from BPA and TPC (PE-VIII) were studied (Figure 4.7).

>
> PE-VIII
7))
ch PE-VII
il
E \_—_‘/\\
PE-V
PE-IIl
\‘ S ———— PE-II
e,
e " PE-I
[ T T T T T
10 20 30 40
20

Figure 4.7 X-Ray diffractograms of (co) polyesters containing pendent
pentadecyl chain along with that of BPA-TPC polyester

XRD patterns for polyesters derived from HPPDP and aromatic diacid
chlorides (PE-I, PE-II and PE-III) exhibited amorphous nature which could be mainly
because of the presence of pentadecyl chains which hinders the packing of polymer
chains. The amorphous nature was also reflected in their improved solubility. X-Ray
diffractograms of polyester derived from BPA and TPC (PE-VIII) showed partially
crystalline nature as depicted in Figure 4.7.3' Copolyesters synthesized with varying
molar percentage incorporation of HPPDP showed decrease in crystallinity with
increase in percentage of HPPDP. This could be attributed to presence of pendent

pentadecyl chains which cause disruption of chain regularity and packing.
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4.4.5 Thermal properties
The thermal behavior of (co)polyesters was analyzed using TGA at a heating
rate of 10 °C min ' under nitrogen. Thermogravimetric analysis (TG) curves of
(co)polyester are shown in Figure 4.8. The temperatures at 10% weight loss (T1o) of

(co)polyesters were determined and the values are given in Table 4.4.

Weight (%)

T T T T T T
200 400 600 800

Temperature (°C)

Figure 4.8 TG curves of (co)polyesters derived from HPPDP and BPA with
aromatic diacid chlorides

T1o values for polyesters derived from HPPDP and aromatic diacid chlorides
were in the range 425-435 °C indicating their good thermal stability. T;o values for
copolyesters derived from HPPDP and BPA with TPC were in the range 440-455 °C.
A comparison of Ty values of (co)polyesters containing pendent pentadecyl chains
with reported Ty value of polyester based on BPA and TPC (T =495
°C),*" indicated a decrease in the thermal stability due to the presence of thermally

labile aliphatic pentadecyl chain.
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Table 4.4 Thermal properties of (co)polyesters

Composition of Diacid Chloride Char
Diols (mol%) (mol%) T1o Yield at
Polymer Ty (°C)
(°C) 800 °C
HPPDP BPA  TPC IPC
(%)
PE-I 100 0 100 0 430 19 47
PE-I11 100 0 0 100 425 15 29
PE-111 100 0 50 50 435 18 37
PE-IV 25 75 100 0 440 16 147
PE-V 15 85 100 0 455 22 160
PE-VI 10 90 100 0 450 24 168
PE-VII 05 95 100 0 445 25 202
PE-VIII 0 100 100 0 495 29 210

Differential scanning calorimetry (DSC) was used for determination of glass
transition (Tgy) temperatures of (co)polyesters. T4 values were calculated from second
heating cycle of polyester samples at heating rate of 10 °C/min. DSC curves for
(co)polyesters are represented in Figure 4.9 and 4.10. T, values are given in Table
4.4,

;37 PE-IIl
W
2 .
T /29 PE-II
wd
©
Q
T
\47 PE-|
j
T T T T T T T T T T T T T T T
10 20 30 40 50 60 70 80 20

Temperature DC

Figure 4.9 DSC curves of (co)polyesters derived from HPPDP and aromatic
diacid chlorides

Savitribai Phule Pune University 137 CSIR-National Chemical Laboratory



Chapter 4 Synthesis and Characterization of Polyesters ...

T4 values of polyester PE-I, PE-II, PE-11l were found to be 47, 29 and 37 °C,
respectively. A comparison of these values with softening temperature of polyester
based on 4, 4’-oxybisphenol (softening range: 240-260 °C) % indicated that there is
appreciable decrease in Ty of polyesters due to incorporation of pendent pentadecyl
chains. The flexible pentadecyl chains could act as packing disruptive groups

resulting into reduction in T4 of polyesters.

PE-VII 202

__/\

/ 168 PE-VI

/ 160 PE-V

Heat Flow (W/g)

100 ' 150 ' 200
Temperature (°C)

Figure 4.10 DSC curves of copolyesters derived from HPPDP and BPA with
aromatic diacid chlorides

Copolyesters (PE-IV to VII) derived from a mixture of HPPDP and BPA with
TPC exhibited Ty values in the range 147-202 °C. The data clearly indicated that Ty
values of copolyesters decrease with the increase in HPPDP content. This could be
attributed to the presence of pentadecyl chains which could act as packing disruptive
groups and resulting into increase in the chain mobility and consequently decrease in
Tq of copolyesters. Importantly, these (co)polyesters have a wide processing window
as there is a large difference between Ty values (27-202 °C) and Ty values (425-455
°C).

4.4.6 Dynamic mechanical properties

Dynamic mechanical behavior of two selected copolyesters (PE-1V and PE-V)
containing pendent pentadecyl chains was studied by DMA. Figure 4.11 presents
DMA curves (storage modulus E’, loss modulus E’” and damping factor tan 6 as a
function of temperature) of polyester PE-IV. The storage modulus and Ta values of
PE-IV and PE-V are included in Table 4.5. DMA data showed that the storage
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modulus E’ of copolyesters is of the order of 10° Pa. The values of storage modulus
for PE-IV and PE-V at 35 °C are 0.8 x 10° and 1.2 x 10° Pa, respectively which
indicated that storage modulus decreased with higher content of pentadecyl chains in
the polyesters. Similar results were observed when pentadecyl chain was incorporated

in cyanate ester resins.®

0.6
1E9
1 | 0.5

0.4

0.3

Q ue)

0.2

0.1

0.0

- -0.1

20 | 40 I 60 | 80 | 100 I 120 I 140 | 180 | 180 I 200
Temperature °C
Figure 4.11 DMA curves of copolyester PE-1V

It can also be seen that the temperature at which the onset of glass to rubber
transition occurs decreased as incorporation of HPPDP in copolyesters increased. This
behavior is due to increase in content of pendent pentadecyl chains which act as
packing disruptive group in copolyesters. This behavior is more clearly seen from tan
d curves. Copolyesters showed a well-defined maximum for a-transition (T,) which
appeared at 133 and 155 °C, respectively for PE-1V and PE-V. Thus, the maximum in
tan o for copolyesters deceased as concentration of HPPDP in copolyesters increased.

Table 4.5 Dynamic mechanical properties of selected copolyesters (PE-1V and V)

Composition of Diol, mol%

Composition of TPC
Polyester " T4(°C) E’(Pa)
BPA HPPDP mol% ’
PE-IV 75 25 100 133 0.75x 10°
PE-V 85 15 100 155  1.2x10°
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4.5 Conclusions

1. A series of polyesters containing ether linkages in the main chain and pendent
pentadecyl chains was synthesized from HPPDP and aromatic diacid chlorides
by phase-transfer catalysed interfacial polycondensation. A series of
copolyesters was synthesized from a mixture of HPPDP and BPA with
terephthalic acid chloride.

2. (Co)polyesters with inherent viscosities in the range 0.70-1.21 dL/g were
obtained. (Co)polyesters were soluble in chloroform, dichloromethane,
pyridine and m-cresol at room temperature. Tough, transparent and flexible
films could be cast from solutions of (co)polyesters in chloroform.

3. X-Ray diffractograms showed that polyesters containing pendent pentadecyl
chains were amorphous in nature.

4. Ty values for (co)polyesters were in the range 425-455 °C indicating their
good thermal stability. A drop in Ty values (27-202 °C) and storage modulus
(E”) of (co)polyesters was observed due to the presence of flexible pentadecyl

chains which act as packing disruptive groups.

Savitribai Phule Pune University 140 CSIR-National Chemical Laboratory



Chapter 4 Synthesis and Characterization of Polyesters ...

References

1. P. E. Cassidy, Thermally Stable Polymers, New York: Dekker,, 1980.

2. M. Arroyo, in Handbook of Thermoplastics, ed. O. Olabisi, Marcel Dekker
Inc., New York, 1997, pp. 599-608.

3. S. V. Vinogradova, V. A. Vasnev and P. M. Valetskii, Russ. Chem. Rev.,
1994, 63, 833.

4. D.-J. Liaw, B.-Y. Liaw, J.-J. Hsu and Y.-C. Cheng, J. Polym. Sci. Part A:
Polym. Chem., 2000, 38, 4451-4456.

5. S.-H. Hsiao and H.-W. Chiang, E. Polym. J., 2004, 40, 1691-1697.

6. M. D. Joshi, A. Sarkar, O. S. Yemul, P. P. Wadgaonkar, S. V. Lonikar and N.
N. Maldar, J. Appl. Polym. Sci., 1997, 64, 1329-1335.

7. S. S. Vibhute, M. D. Joshi, P. P. Wadgaonkar, A. S. Patil and N. N. Maldar, J.
Polym. Sci. Part A: Polym. Chem., 1997, 35, 3227-3234.

8. Y.-T. Chern, Macromolecules, 1995, 28, 5561-5566.

9. Y.-T. Chern and C.-M. Huang, Polymer, 1998, 39, 2325-2329.

10. S. H. Hsiao and J. H. Chiou, Polym. J., 2001, 33, 95-101.

11. S.-H. Hsiao and H.-Y. Chang, J. Polym. Res., 1995, 2, 99-108.

12.  S. Watanabe, A. Kobayashi, M.-A. Kakimoto and Y. Imai, J. Polym. Sci. Part
A: Polym. Chem., 1994, 32, 909-915.

13. S. Watanabe, H. Murayama, M. Murata, Y. Masuda, M. Tanabe and Y. Imai,
J. Polym. Sci. Part A: Polym. Chem., 1998, 36, 2229-2235.

14. H.-J. Jeong, M.-A. Kakimoto and Y. Imai, J. Polym. Sci. Part A: Polym.
Chem., 1991, 29, 1293-1299.

15. B. Tamami, H. Yeganeh and G. Kohmareh, Eur. Polym. J., 2004, 40, 1651.

16.  R. D. Shingte, Thesis submitted to University of Pune, Pune, India., 2006.

17. D. H. Wang, S. Z. D. Cheng and F. W. Harris, Polymer, 2008, 49, 3020-3028.

18.  P. N. Honkhambe, M. V. Biyani, N. S. Bhairamadgi, P. P. Wadgaonkar and
M. M. Salunkhe, J. Appl. Polym. Sci., 2010, 117, 2545-2552.

19.  P. N. Honkhambe, N. S. Bhairamadgi, M. V. Biyani, P. P. Wadgaonkar and
M. M. Salunkhe, Eur. Polym. J., 2010, 46, 709-718.

20. 0. Kreye, S. Oelmann and M. A. R. Meier, Macromol. Chem. Phys., 2014,
214, 1452-1464.

21. C. H.R. M. Wilsens, B. A. J. Noordover and S. Rastogi, Polymer, 2014, 55,
2432-24309.

Savitribai Phule Pune University 141 CSIR-National Chemical Laboratory



Chapter 4 Synthesis and Characterization of Polyesters ...

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.
32.

33.

A. S. More, P. V. Naik, K. P. Kumbhar and P. P. Wadgaonkar, Polym. Int.,
2010, 59, 1408-1414.

A. S. More, S. K. Pasale, P. N. Honkhambe and P. P. Wadgaonkar, J. App.
Polym. Sci., 121, 3689-3695.

A. S. More, S. K. Pasale and P. P. Wadgaonkar, Eur. Polym. J. , 2010, 46,
557-567.

N. V. Sadavarte, C. V. Avadhani, P. V. Naik and P. P. Wadgaonkar, Eur.
Polym. J., 2010 46, 1307-1315.

N. V. Sadavarte, M. R. Halhalli, C. V. Avadhani and P. P. Wadgaonkar, Eur.
Polym. J., 2009 45 582-589

C. Voirin, S. Caillol, N. V. Sadavarte, B. V. Tawade, B. Boutevin and P. P.
Wadgaonkar, Polym. Chem., 2014, 5, 3142-3162.

N. V. Sadavarte, S. S. Patil, C. V. Avadhani and P. P. Wadgaonkar, High
Perform. Polym., 2013, 25, 735-743.

A. S. More, P. S. Sane, A. S. Patil and P. P. Wadgaonkar, Polym. Degrad.
Stab., 2010, 95, 1727-1735.

N. V. Sadavarte, C. V. Avadhani and P. P. Wadgaonkar, High Perform.
Polym., 2011, 23, 494-505.

P. Liu, L. Zeng, G. Ye and J. Xu, J. Polym. Res., 2013, 20, 1-9.

W. Podkoscielny and D. Wdowicka, J. Appl. Polym. Sci., 1991, 43, 2213-
2217.

A. D. Kulkarni, B. V. Tawade and P. P. Wadgaonkar, High Perform. Polym.,
2014, 25, 278-286.

Savitribai Phule Pune University 142 CSIR-National Chemical Laboratory



Chapter 5

Synthesis and Characterization of
Polyimides Containing Multiple
Ether Linkages and Pendent
Pentadecyl Chains




Chapter 5 Synthesis and Characterization of Polyimides...

5.1 Introduction

Aromatic polyimides are an important class of high performance/ high
temperature polymers and are recognized for their excellent thermo-mechanical and
electrical properties. They have wide applications in automobile, aerospace, electronic
packaging, fuel cells, gas separation, adhesives, etc.’® In spite of their excellent
properties, many polyimides tend to be insoluble in most of the organic solvents and
have high softening temperatures because of rigid backbone as well as strong
interchain interactions due to charge transfer complex formation which poses
problems during processing.”® Therefore, several approaches have been utilized to
improve their melt and/or solution processability without losing their advantageous
properties.’® The three common approaches involved structural modifications
resulting into tailoring of properties and these are i) introduction of hinge atoms,

flexible or kinked linkages in the polymer backbone,**°

20-24

ii) introduction of bulky
substituent or flexible pendent group and iii) disruption of symmetry and
regularity through copolymerization.”> Thus, a number of attempts have been made
towards design and synthesis of new diamines and dianhydrides containing
flexiblizing groups either in the main structure or as pendent group, bulky groups,
cardo, spiro or multicyclic structures, and molecular asymmetry for producing a
variety of polyimides with improved solubility and processabilty.?®%

The approach concerning synthesis of monomers containing flexible ether
linkages is of particular interest because it provides lower internal energy of rotation
and also disrupts the linear progression in the polymer backbone. Thus, the
introduction of multiple ether linkages resulted into polyimides with enhanced melt
processability, low dielectric constants and good optical transparency. Alternatively,
organo-soluble polyimides with pendent long-chain alkyl groups have been
reported.***? The introduction of pendent alkyl chains onto rigid backbone of
polyimide causes reduced coplanarity of aromatic rings and disrupts orientation of
macromolecular chains, thus causing a drop in T4. Also pendent alkyl group acts as an
additional handle for interaction with the solvent which results in improvement in
solubility of the rigid polyimides.

In the last few years, our research group has been focusing on the synthesis of
processable polyimides derived from monomers based on CNSL.*% ** ** In line with
these studies, in the present work we would like to study the effect of incorporation of

pendent pentadecyl chain along with multiple ether linkages on the processing
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characteristics of polyimides. The flexibilizing ether moieties are expected to impart
melt processing characteristics to polyimides and so is the effect of pentadecyl chains.
Towards this end, we utilized a new aromatic diamine namely 4-(4-(4-(4-
aminophenoxy)-2-pentadecylphenoxy)phenoxy)aniline (APDPPA) for synthesis of
polyetherimides by polycondensation with 3,3°,4,4’-oxydiphthalic anhydride
(ODPA), 4.,4’-(hexafluoro isopropylidene)diphthalic anhydride (6-FDA) and
3,3”,4,4’-biphenyl tetracarboxylic dianhydride (BPDA) by one-step high temperature
solution method. Polyetherimides were characterized by inherent viscosity
measurements, FTIR, 'H NMR, “C NMR spectroscopy, gel permeation
chromatography, solubility tests, wide angle X-ray diffraction, thermogravimetric
analysis, differential scanning calorimetry and UV-Vis spectroscopy. The effect of
multiple ether linkages and pendent pentadecyl chains on thermal and solubility
characteristics has been evaluated.

5.2 Experimental

5.2.1 Materials

4-(4-(4-(4-Aminophenoxy)-2-pentadecylphenoxy)phenoxy)aniline (APDPPA)

was synthesized as described in Chapter 3. The dianhydrides 3,3°,4,4’-oxydiphthalic
anhydride (ODPA), 4,4’-(hexafluoro isopropylidene)diphthalic anhydride (6-FDA)
and 3,3°,4,4’-biphenyl tetracarboxylic dianhydride (BPDA), all received from
Aldrich, USA were sublimed before use. Isoquinoline and calcium chloride were
received from Rankem, Mumbai, India and were used as received. Dichloromethane
and m-cresol, both from S. D. Fine Chem., India were dried and distilled according to
the reported procedures.®

5.2.2 Measurements

Inherent viscosity (minn) Of polyetherimides was determined using an

Ubbelhode suspended level viscometer at a concentration of 0.5 % (w/v) solution of

polymer in chloroform at 30+0.1°C.

ninh Was calculated using the equation: n. = % xlog t

t0

Where, t and ty are flow times of polymer solution and solvent, respectively
and C is the concentration of polymer solution.

Molecular weights of polyetherimides were measured on ThermoFinnigan
make gel permeation chromatograph (GPC), using the following conditions: Column -

polystyrene-divinylbenzene (10°A to 50 A), Detector - RI, room temperature.
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Polystyrene was used as the calibration standard. Polymer sample (5 mg) was
dissolved in 5 mL chloroform and filtered through 0.2 p SS-filter.

FT-IR spectra of polymer films were recorded using a Perkin-Elmer Spectrum
GX spectrophotometer.

'H NMR spectra of polyetherimides were recorded on Bruker 500 MHz
spectrometer at resonance frequency of 500 MHz using CDCI; as a solvent.

The solubility of polyetherimides was determined at 3 % concentration (w/v)
in various solvents at room temperature or on heating.

X-Ray diffraction patterns of polyetherimides were obtained on a Rigaku
MicroMax-007HF X-ray diffractometer operating at 40 kV and 30 mA. Dried
polymer films or powder samples were exposed to the X-ray beam for 3 minutes and
the scattering pattern was imaged by Rigaku R-AXIS IV++ area detector. The 2D
pattern was converted to 1D pattern by Rigaku 2DP software.

Thermogravimetric analysis was performed on Perkin-Elmer TGA-7 system at
a heating rate of 10 °C / minute under nitrogen atmosphere. Sample weight taken for
analysis was ~5 mg.

DSC analysis was carried out on TA Instruments DSC Q10 at a heating rate of
10 °C / minute in nitrogen atmosphere.

UV-Visible spectra of polyetherimide solutions in chloroform were recorded
with Perkin-Elmer Lambda 950 UV/Vis Spectrometer in transmittance mode.

5.3 Synthesis of polyimides

Polyetherimides were synthesized by one-step high temperature solution
polycondensation in m-cresol. A representative procedure for the synthesis of
polyimides is described below:

Into a 25 mL three-necked round bottom flask equipped with a magnetic
stirring bar, a nitrogen inlet and a calcium chloride guard tube were added APDPPA
(0.594 g, 1 mmol) and freshly distilled m-cresol (7 mL). To the homogeneous
solution, ODPA (0.310 g, 1 mmol) was added in portions at room temperature. The
reaction mixture was stirred for 3 h at room temperature. The temperature was then
raised to 200 °C and the reaction mixture was stirred for 6 h at that temperature. The
polymerization reaction was performed under gentle stream of nitrogen so that water
formed during imidization was continuously flown away by the nitrogen stream. The
reaction mixture was cooled to room temperature and was poured into excess

methanol. The precipitated polymer was washed with methanol to remove m-cresol,
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the polymer was dissolved into chloroform, reprecipitated into methanol, filtered and
was dried at 80 °C for 24 h under reduced pressure.

5.4 Results and Discussion

5.4.1 Synthesis of polyetherimides

Three new polyetherimides were synthesized by one-step high temperature

solution polycondensation of APDPPA with three aromatic dianhydrides namely,
3,3’,4,4’-oxydiphthalic anhydride (ODPA), 4,4’-(hexafluoro
isopropylidene)diphthalic anhydride (6-FDA) and 3,3°,4,4’-biphenyl tetracarboxylic
dianhydride (BPDA) in m-cresol in the presence of isoquinoline as a catalyst (Scheme

5.1). Results of polymerization reactions are summarized in Table 5.1.

oo Qoo o

C1sH3q m-Cresol
Isoquinoline
200 °C

C1sH3q

GFs
o
Ar = 9 .
PEI-I PEI-Il PEI-III

Scheme 5.1 Synthesis of polyetherimides from APDPPA and aromatic

dianhydrides
Table 5.1 Synthesis of polyetherimides from APDPPA and aromatic

dianhydrides

Ninh GPC data”

Polyetherimide Diamine Dianhydride .
(dL/g) M, M, PDI

PEI-I APDPPA ODPA 0.70 24,500 48,500 2.0
PEI-II APDPPA 6-FDA 0.67 29,700 67,900 2.2
PEI-111 APDPPA BPDA 0.66 17,100 48,700 2.9

a: m,, was measured with 0.5% (w/v) solution of polyetherimides in chloroform at 30 + 0.1°C

b: GPC in chloroform, calibration standard: polystyrene
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Polyetherimides were obtained in almost quantitative and njn, vValues were in
the range 0.66-0.70 dL/g. The results of GPC measurements of polyetherimides in
chloroform are presented in Table 5.1. The number average molecular weights (Mn)
were in the range 17,100 to 29,700 with polydispersity index (Mw/Mn) in the range
2.0-2.9. minn Values and GPC data indicated the formation of reasonably high
molecular weight polymers. However, the molecular weight values provided by GPC
are not to be considered absolute as the GPC was calibrated using polystyrene
standards. Tough, transparent, and flexible films of polyetherimides could be cast
from their chloroform solutions.

5.4.2 Structural characterization

The formation of polyetherimides was confirmed by FT-IR, *H NMR and **C
NMR spectroscopy.

A representative FT-IR spectrum of polyetherimide (PEI-IIl) based on
APDPPA and BPDA is reproduced in Figure 5.1.
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Figure 5.1 FT-IR spectrum of polyetherimide (PEI-III) derived from APDPPA
and BPDA

FT-IR spectrum of PEI-III showed the characteristic absorptions of imide ring

at 1782 cm™ ( asymmetric stretching of the carbonyl) and 1721 cm™ ( symmetric
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stretching of carbonyl) and C-N bond stretching at 1372 cm™ as well as bending at
717 cm™. The absorption band at 1086 cm™ is due to the imide ring deformation. In
addition, absorption band at 1201 cm™ attributed to aromatic ether (Ar-O-Ar)
stretching was also observed.

'H NMR spectrum of polyetherimide (PEI-1) derived from APDPPA and
ODPA is reproduced in Figure 5.2.
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Figure 5.2 1QH NMI‘-\i spectrum (in CDCIs) of polyetherimide (PEI-I) derived from
APDPPA and ODPA

In *H NMR spectrum, proton meta to ethereal oxygen of ODPA moiety
exhibited a doublet at 8.0 & ppm. The remaining protons of ODPA, h and j, appeared
as a singlet 7.56 & ppm and a doublet at 7.47 & ppm, respectively. Further, four
protons ortho to imide nitrogen appeared as four signals in the range 7.34-7.39 & ppm.
The remaining 11 aromatic protons exhibited a multiplet in the range 6.90-7.12 &
ppm. The benzylic methylene protons appeared as a triplet at 2.61 & ppm while other
methylene protons appeared in the range 1.24-1.28 & ppm. The terminal methyl
protons appeared as a triplet at 0.86 & ppm.

'H NMR spectrum of polyetherimide (PEI-II) derived from APDPPA and
6FDA along with assignments is represented in Figure 5.3. In *H NMR spectrum,
protons meta to the bridged carbon atom of dianhydride moiety appeared as a doublet
at 8.03 0 ppm whereas protons h and j which are ortho to the bridged carbon atom
exhibited a singlet at 7.94 6 ppm and a doublet at 7.87 6 ppm, respectively. The
protons ortho to the nitrogen atom exhibited four signals in the region 7.34-7.37 &
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ppm while remaining protons of diamine moiety appeared as a multiplet in the range

6.89-7.12 6 ppm. The protons of the pentadecyl chain appeared in the aliphatic region.
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Figure 5.3 '"H NMR spectrum (in CDCls) of polyetherimide (PEI-I1) derived from
APDPPA and 6FDA

'H NMR spectrum of polyetherimide (PEI-111) derived from APDPPA and
BPDA is shown in Figure 5.4.

Chlorqform-d

2.05 4.07 4.04 4.05 4.40
11— — S — n
T T T T T T
8.0 75 7.0 |

. -

Figure 5.4 'H NMR spectrum (in CDCls) of polyetherimide (PEI-111) derived
from APDPPA and BPDA

The protons h flanked by carbonyl and aromatic ring appeared as a doublet at
8.24 & ppm whereas protons i and j exhibited a multiplet in the region 8.07-8.11 6
ppm. The four aromatic protons ortho to nitrogen of diamine moiety displayed four
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signals in the range & 7.39-7.43 ppm. The rest of the aromatic protons of diamine
exhibited multiplet in the range & 6.92-7.12 ppm. The protons of the pentadecyl chain
appeared at respective position in aliphatic region as assigned in Figure 5.4.

The protons ortho to imide nitrogen exhibited four signals which is in fact
expected to show doublet only. The appearance of the multiplet could be due to the
constitutional isomerism resulting from the non-symmetrical structure of diamine.
Constitutional isomerism is experienced when polymers possess the same overall
composition but different order of atoms or groups of atoms.** “*° It was observed
and investigated for the fist-time by Pino and coworkers.*® Their study showed that
for appearance of constitutional isomerism in a polycodensate, there should at least
one non-symmetric monomer used in its synthesis. Further, they have investigated the
influence of constitutional isomerism on their thermal properties and crystallinity. In
their work, they have systematically explained factors affecting regularity in the
polycondensation such as kinetics of the reaction, ratio of the rate constant of the
groups.

In the polyetherimides, the feasible structural orientations are four viz, (a)
Head-to-Head, (b) Tail-to-Tail, (c) Head-to-Tail and (d) Tail-to-Head; where the two
structures, i.e. Head-to-Tail and Tail-to-Head would be indistinguishable.®* °% In H
NMR spectrum of polyetherimides, theoretically one would expect three doublets
corresponding to protons ortho to imide nitrogen, if constitutional isomers were
present. However, on close scrutiny of 400 MHz NMR spectra of polyetherimides the
protons ortho to nitrogen displayed four signals only; it could be due to overlapping
of the expected three doublets. The overlapping of the signals might have happened
because of small differences in their 6 values.

The possible structural orientations of polyetherimides are depicted in Figure
5.5.
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Head to Tail

Ha O O Hb
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C15H31 Hb O O Ha C15H31

Head to Head

Ha O O Ha

Figure 5.5 Plausible sequences in polyetherimides derived from APDPPA and
aromatic dianhydrides
5.4.3 Solubility measurements

The solubility tests of polyetherimides were carried out at 3 % wi/v in
organic solvents at room temperature or at 50 °C. The solubility data is collected in
Table 5.2. The literature reveals that polyimides generally show poor solubility in
common organic solvents. Interestingly, polyetherimides (PEI-1, PEI-II, PEI-III)
showed excellent solubility in solvents such as chloroform, dichloromethane,
tetrahydrofuran, DMF, DMAc, NMP, pyridine, m-cresol and DMSO. It is worth
mentioning that solubility behavior of polyetherimides is better than that of 4, 4’-
oxydianiline (ODA) or 4,4'-((oxybis(4,1-phenylene))bis(oxy))dianiline (OBPBODA)
based polyimides which are reported to be insoluble in common organic solvents such
as chloroform and dichloromethane.®® The improved solubility of these
polyetherimides could be attributed to the combined effect of presence of multiple
ether linkages, packing disruptive pendent pentadecyl chains and constitutional
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isomerism. These features are responsible for decrease in packing density and

intermolecular interactions between polymer chains.

Table 5.2 Solubility of polyetherimides

[<B]
he) S —_ ©
- — - L o (<] c 5}
2 T € = u & < 2 £ 3 8 5 § &
2 £ 58 F 322 %59z & 2 3
S & = = & g O < T F
) O
PEI-I ODPA ++ ++ ++ ++ ++ ++ ++ ++ ++ - --
PEI-Il 6-FDA ++ ++ ++ ++ ++ ++ ++ ++ ++ - -
PEI-IIl BPDA ++ ++ ++ ++ ++ ++ ++ ++ ++ - --
++ : soluble at room temperature; +- : soluble on heating; -- : insoluble on heating at 60 °C

5.4.4 X-Ray diffraction studies
The crystallinity of polyetherimides was determined by wide-angle-X-ray
diffraction (WAXD) studies. X-Ray diffractograms of polyetherimides derived from
APDPPA and aromatic dianhydrides are reproduced in Figure 5.6.

PEHH

Intensity

PEHI

PEI-II

0 10 20 30 40
20°

Figure 5.6 X-Ray diffractograms of polyetherimides derived from APDPPA and

aromatic dianhydrides

Savitribai Phule Pune University 152 CSIR-National Chemical Laboratory



Chapter 5 Synthesis and Characterization of Polyimides...

A broad halo at about 26 =~ 20° was observed which indicated the amorphous
nature of polymers. The amorphous nature of polyetherimides could be attributed to
the presence of pendent pentadecyl chains and multiple ether linkages in the
backbone. These structural features minimize the interchain interactions and restrict
close packing of polymer chains, resulting in amorphous nature of polyetherimides.
The amorphous nature endows polyetherimides with good solubility. However,
polyetherimides  derived from  4,4'-((oxybis(4,1-phenylene))bis(oxy))dianiline
(OBPBODA) were found to be semicrystalline in nature®® (e.g. polyetherimide
derived from OBPBODA-ODPA showed both Ty = 204 °C and Tn, = 332 °C).*
Additionally, polyetherimides exhibited reflections in the small-angle region at 26 =
3°. This observation is reasonable because the presence of pentadecyl chain leads to
the formation of layered structures. It is well known that polymers with flexible long
chains strongly tend to form layered crystalline structure in the solid state.*” 4344 5558

5.4.5 Thermal properties

Thermal stability of polyetherimides was investigated by thermogravimetric
analysis (TGA) at a heating rate of 10 °C / minute in nitrogen atmosphere (Figure
5.7).

Weight %

10

I ' I ' I ' I ! 1 ' I ' I '
100 200 300 400 500 600 700 800
Temperature ( °C)

Figure 5.7 TG curves of polyetherimides derived from APDPPA and aromatic
dianhydrides
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The decomposition temperature at 10% weight loss (T1) and char yields at
800 °C were calculated from original thermograms and the data is presented in Table
5.3. The Ty value of polymer is an important criterion for evaluation of thermal
stability and the values are in the range 460-470 °C indicating their good thermal
stability. The char yields / weight residues left at 800 °C were in the range 29-33 %.
Table 5.3 Thermal and optical properties of polyetherimides derived from
APDPPA and aromatic dianhydrides

Weight
- 10 residue Tq Ao
Polymer Polyetherimide (<) at800  (°C) (nm)
°C (%)
PEI-I %@Q@{%;jj C[H 460 29 113 242
CisHazq o o "
PEI-1I %@Q@O;]j °CE“ 470 33 122 240

o] o
PEI-III %@Q@@% 460 30 131 251
o o

CysHzq

Glass transition temperatures (T,) of polyetherimides were evaluated by
means differential scanning calorimetry (DSC) at a heating rate of 10 °C / min in
nitrogen atmosphere and T, values are listed in Table 5.3. DSC curves of
polyetherimides obtained from second heating scans are represented in Figure 5.8.
The Ty values of PEI-I, PEI-II and PEI-IIl were 113, 122 and 131 °C, respectively.
The PEI-1II has highest Ty (131 °C) as it is derived from BPDA which has rigid
biphenyl moiety. Conversely, lowest Ty of PEI-1 in the series could be attributed to
incorporation of additional flexible ether linkages present in ODPA. The PEIs derived
from APDPPA exhibited lower Tgs than that of corresponding polyimides derived
from 4, 4’-oxydianiline (ODA) (Ty of polyimide derived from 4,4’-oxydianiline and
ODPA is 242 °C).** The T, of PEI-I (113 °C) is much lower than that of reference
polyimide based on 4,4'-((oxybis(4,1-phenylene))bis(oxy))dianiline (OBPBODA) and
ODPA (204 °C).>* The drop in T4 could be attributed to decrease in chain packing due

to packing disruptive effect of pentadecyl chains. Thus, the combined influence of
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both pentadecyl chain and multiple ether linkages causes decrease the interchain

interactions and disturb close packing of polymer chains, resulting in polyetherimides

with lower Tg.
113
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=
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©
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Figure 5.8 DSC curves of polyetherimides derived from APDPPA and aromatic
dianhydrides

5.4.6 Optical properties
The optical properties of polyetherimides were analyzed by UV-Visible

spectroscopy (Figure 5.9) and cut off wavelength (absorption edge, Ao) values are
given in Table 5.3.
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Figure 5.9 UV-Visible absorption spectra of polyetherimides derived from
APDPPA and aromatic dianhydrides in CHCI; solution

The cut-off wavelength (Ao) observed in UV-Visible absorption spectra is the
measure of the colour intensity of polyimides. Polyetherimides exhibited shorter Ao
in the range 241-251 nm. Normally, polyimides show strong absorption in UV-visible
spectra due to highly conjugated aromatic structures and formation of intermolecular
charge-transfer complex (CTC). Most conventional polyimides have dark amber to
brown coloration due to charge-transfer complex (CTC) formation which in turn is
associated with electronic characteristics of monomer used in the polyimide synthesis.
The colour of polyimides changes from deep to pale depending on the type of
dianhydride used: BPDA > ODPA > 6-FDA, when diamine monomer is the same.
The lower Ao of PEI-I (242 nm) compared to that of PEI-1Il1 (251 nm) could be
attributed to the presence of ether-oxygen which functions as a separator linkage and
enhances chain mobility, thereby, causing reduction in CTC formation. The lowest A,
of 240 nm of PEI-II which is based on 6-FDA is because of bulky and electron
withdrawing hexafluoroisopropylidene groups which reduce the CTC formation
between alternating electron donor (diamine) and electron acceptor (dianhydride)

moieties.
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5.5 Conclusions

1. A series of new polyetherimides containing pendent pentadecyl chains and
multiple ether linkages was synthesized from 4-(4-(4-(4-Aminophenoxy)-2-
pentadecylphenoxy)phenoxy)aniline and commercially available aromatic
dianhydrides.

2. Reasonably high molecular weight polyetherimides were formed as indicated
by their inherent viscosity measurements, which were in the range 0.66-0.70
dL/g.

3. Polyetherimides showed good solubilities in organic solvents such as
chloroform, dichloromethane, tetranydrofuran, DMF, DMAc, NMP, pyridine,
m-cresol and DMSO.

4. Polyetherimides could be cast into tough, transparent and flexible films from
chloroform solutions.

5. X-Ray diffraction analysis showed that the polyetherimides were amorphous
and a reflection in small angle region indicated layered packing of pentadecyl
chains.

6. DSC study demonstrated lowering of glass transition temperatures (T4) which
were in the range 113-131 °C.

7. Ty values of polyetherimides were in the range 460-470 °C indicating their
good thermal stability.

8. The incorporation of pendent pentadecyl chains and flexible ether linkages
increased gap between Ty and Ty of polyetherimides offering them a wider

processing window and thus, the opportunities for melt processability.
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6.1 Introduction

Polyhydrazides are interesting polymeric materials because they have wide
applications as fibers and membranes due to their excellent dyeability, improved
elasticity and fair absorption characteristics. Furthermore, polyhydrazides serve as
precursors to poly(1,3,4-oxadiazole)s and polytriazoles. Poly(1,3,4-oxadiazole)s are
an useful class of high performance polymers which find wide applications as
polymer light emitting diodes (PLEDSs) and other polymer electronic devices by virtue
of their opto-electronic properties.* ™

Regrettably, poly(1,3,4-oxadiazole)s exhibit poor organosolubility and/or
brittleness which causes the difficulties in their processing. There are various
approaches utilized for improving the solubility and decreasing the glass transition
temperature (Ty) resulting into processable poly(1,3,4-oxadiazole)s. These include: 1)
incorporation of flexible linkages into the polymer backbone and ii) introduction of
bulky pendent group or flexible long chains onto the polymer backbone. A survey of
literature revealed that incorporation of long flexible side chains and flexible ether
linkages are more effective to improve processability of poly(1,3,4-oxadiazole)s.?**
These structural features are responsible for reducing interchain interactions and
decreasing internal energy of rotation leading to lowering of thermal transition
temperatures (Tg and Tp).

We report herein the synthesis of a series of polyhydrazides and poly(1,3,4-
oxadiazole)s containing multiple ether linkages and pendent pentadecyl chains.
Polyhydrazides  were  obtained by  polycondensation of  4-(4-(4-(4-
(hydrazinocarbonyl)phenoxy)-2-pentadecylphenoxy)phenoxy)benzohydrazide and
aromatic diacid chlorides which on cyclodehydration afforded poly(1,3,4-
oxadiazole)s. Polyhydrazides and poly(1,3,4-oxadiazole)s were characterized by
inherent viscosity measurements, FTIR, NMR spectroscopy, solubility measurements,
wide angle X-ray diffraction (WAXD), thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). Poly(1,3,4-oxadiazole)s were also
characterized by gel permeation chromatoghaphy (GPC), UV-Visible spectroscopy

(UV), photoluminescence (PL) and cyclic voltammetry analysis (CV).
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6.2 Experimental
6.2.1 Materials
4-(4-(4-(4-(Hydrazinocarbonyl)  phenoxy)-2-pentadecylphenoxy) phenoxy)
benzohydrazide (HPPDPB) was synthesized as described in Chapter 3. Terephthalic
acid chloride (TPC) and isophthalic acid chloride (IPC) (both, received from Aldrich,
USA), were purified by distillation under reduced pressure before use. Anhydrous
lithium chloride, received from Aldrich, USA, was dried at 180 °C for 8 h under
reduced pressure. N,N-Dimethylacetamide (DMAC), received from Merck, India, was
dried over calcium hydride and distilled under reduced pressure. Phosphorus
oxychloride (POCI3) (Spectrochem, Mumbai, India) was distilled under reduced
pressure. All solvents were of reagent grade quality and were purified prior to use
according to the reported procedures.*
6.2.2 Measurements
Inherent viscosities (ninn) of polyhydrazides and poly(1,3,4-oxadiazole)s was
measured with 0.5 % (w/v) solution of polymer in N,N-dimethylacetamide and

chloroform, respectively at 30£0.1°C using an Ubbelhode suspended level viscometer.

ninh Was calculated using the equation: n. =

Where, t and t, are flow times of polymer solution and solvent, respectively
and C is the concentration of polymer solution.

Molecular weights of poly(1,3,4-oxadiazole)s were measured on
ThermoFinnigan make gel permeation chromatography (GPC), using the following
conditions: Column - polystyrene-divinylbenzene (10° A to 50 A), Detector - RI,
room temperature. Polystyrene was used as the calibration standard. Polymer sample
(5 mg) was dissolved in 5 mL chloroform and filtered through 0.2 p SS-filter.

FTIR spectra were recorded using polymer films on a Perkin-Elmer Spectrum
GX spectrophotometer.

NMR spectra were recorded on a Bruker 400 MHz spectrometer at resonance
frequency of 400 MHz for *H and 100 MHz for **C measurements using DMSO-ds or
CDCl;as a solvent.

The solubility of poly(1,3,4-oxadiazole)s was determined at 3 wt.%
concentration in various solvents at room temperature or on heating.

X-Ray diffraction patterns of polymers were obtained on a Rigaku MicroMax-

007HF X-ray diffractometer operating at 40 kV and 30 mA. Dried polymer films or
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powder samples were exposed to the X-ray beam for 3 minutes and the scattering
pattern was imaged by Rigaku R-AXIS IV++ area detector. The 2D pattern was
converted to 1D pattern by Rigaku 2DP software.

Thermogravimetric analysis was performed on Perkin-Elmer STA 6000
system at a heating rate of 10 °C / minute under nitrogen atmosphere. Sample weight
taken was ~5 mg.

DSC analysis was carried out on TA Instruments DSC Q10 at a heating rate of
10 °C / minute in nitrogen atmosphere.

UV-Visible absorption measurements were carried out on Perkin Elmer
spectrophotometer while photoluminescence was recorded on Cary Eclipse VARIAN
Fluorescence Spectrophotometer in chloroform solutions (~10™ mol/L)

6.3 Synthesis of polyhydrazides and poly(1,3,4-oxadiazole)s
6.3.1 Synthesis of polyhydrazides

A representative procedure for the synthesis of polyhydrazides is described
below:

Into a 50 mL two necked round bottom flask equipped with a calcium chloride
guard tube, a nitrogen inlet and a magnetic stirring bar were placed HPPDPB (500
mg, 0.735 mmol) and N,N-dimethylacetamide (10 mL) containing LiCl (500 mg).
The reaction mixture was cooled to 0 °C. Terephthalic acid chloride (149 mg, 0.735
mmol) was added to the reaction mixture. The reaction was carried out at 0 °C for 2 h
and then at room temperature under stirring for 12 h. At the end of the reaction time,
the viscous solution formed was poured into agueous methanol and the precipitated
polymer was filtered and washed several times with water and then with methanol.
The polymer was dried at 60 °C under reduced pressure.

A similar procedure was followed for the synthesis of other polyhydrazides.

6.3.2 Synthesis of poly(1,3,4-oxadiazole)s

A representative procedure for the synthesis of poly(1,3,4-oxadiazole)s is
described below:

Into a 50 mL two necked round bottom flask equipped with a reflux
condenser, a nitrogen inlet and a magnetic stirring bar were placed polyhydrazide
(derived from HPPDPB) (400 mg) and POCI3 (20 mL). The reaction mixture was
refluxed for 12 h under nitrogen atmosphere. The clear solution was slowly poured

into aqueous methanol. The precipitated polymer was filtered, washed several times
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with water and then with methanol. Finally, the polymer was dried under reduced
pressure at 50 °C for 3 h.
A similar procedure was followed for the synthesis of other poly(1,3,4-
oxadiazole)s.
6.4 Results and Discussion
6.4.1 Synthesis of polyhydrazides and poly(1,3,4-oxadiazole)s
In the literature, there are reports on high temperature polycondensations for
polyhydrazide synthesis,* ** but low temperature solution polycondensation in
DMAC/ LiCl is the widely utilized method for synthesis of polyhydrazides.**™*
Scheme 6.1 illustrates synthesis of polyhydrazides from HPPDPB and
aromatic diacid chlorides while scheme 6.2 depicts synthesis of poly(1,3,4-

oxadiazole)s by cyclodehydration of polyhydrazides using POCls. **

i i 2 2
Hﬂ—HN—COOQOOOOC—NH—NHZ + Cl—C-Ar—C—Cl
CisHs4
DMAc / LiCI
2un? Qnuwl
o o o C-N-N-C-Ar—C-N-N-C
C15H34 n

PHAd  Ar= 4©7 PHAAl  Ar= \©/ ,
PHA-l  Ar= 4©7 +\©/ (50 + 50 mol %)

Scheme 6.1 Synthesis of polyhydrazides from HPPDPB and aromatic diacid

chlorides
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4un? 9u4n?
— (o] (o] (0] C—N—-N-C-Ar—C—N—-N-C—+
C.:H
2 1o POCI, dn
Reflux
oo O
o N—N
CqsH3q n

POD-1  Ar= @7 , POD-l  Ar= \©/ ,
POD-l  Ar= 0 +\©/ (50 + 50 mol %)

Scheme 6.2 Synthesis of poly(1,3,4-oxadiazole)s by cyclization of polyhydrazide

Inherent viscosities of polyhydrazides measured in DMACc were in the range
0.65-0.72 dL/g (Table 6.1) indicating formation of reasonably high molecular weight
polymers. Inherent viscosities of poly(1,3,4-oxadiazole)s measured in chloroform
were found to be in the range 0.54-0.62 dL/g. The reduction in inherent viscosity
while conversion of polyhydrazide to poly(1,3,4-oxadiazole) could be attributed the
different solvent used for inherent viscosity measurements and/or compactness in the
chain structure of poly(1,3,4-oxadiazole)s as compared to parent polyhydrazides.
Poly(1,3,4-oxadiazole)s could be cast into tough, transparent and flexible films from
chloroform solutions. The GPC measurements of poly(1,3,4-oxadiazole)s in
chloroform showed the molecular weights in the range 17,900-23,600 indicating the
formation of reasonably high molecular weight polymers. But, GPC molecular weight
values should not be considered as absolute as the polystyrene standards were used
for calibration of GPC.
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Table 6.1 Synthesis of polyhydrazides and poly(1,3,4-oxadiazole)s from
HPPDPB and aromatic diacid chlorides

Diacid Chloride, mol%o

Polymer Diacylhydrazide Ninh (dL/Q)
TPC IPC
PHA-I HPPDPB 100 0 0.72°
PHA-II HPPDPB 0 100 0.69°
PHA-1II HPPDPB 50 50 0.65°
POD-I HPPDPB 100 0 0.56"
POD-II HPPDPB 0 100 0.54
POD-III HPPDPB 50 50 0.62°

a: nin, Was measured with 0.5% (w/v) solution of polyhydrazide in N,N-dimethyl acetamide at

30+0.1°C;

b: ninn Was measured with 0.5 % (w/v) solution of poly(1,3,4-oxadiazole) in chloroform at 30

+0.1°C

6.4.2 Structural characterization

The formation of polyhydrazides and poly(1,3,4-oxadiazole)s was confirmed

by FT-IR and NMR spectroscopy.

A representative FT-IR spectra of polyhydrazide (PHA-1) and poly(1,3,4-
oxadiazole) (POD-I) derived from HPPDPB and TPC are shown in Figure 6.1 and

6.2, respectively.

Tranmittance %

1485

1104

852

1230

T T v
4000 3500

T y T y T y T
3000 2500 2000 1500

Wavenumber (cm")

T .
1000

Figure 6.1 FT-IR spectrum of polyhydrazide (PHA-I) derived from HPPDPB

and TPC
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The conversion of PHA-I to POD-I could be confirmed from disappearance of
carbonyl stretching at 1660 cm™ and N-H stretching in the region 3100-3600 cm™
after cyclodehydration. The absorption bands at 1230 and 1225 cm™ due to Ar-O-Ar
stretching were observed in PHA-I and POD-I, respectively. The characteristic bands
of 1,3,4-oxadiazole ring are observed at 1071 (=C-O-C=) and 1617 (-C=N-),

confirming the formation of poly(1,3,4-oxadiazole)s.

1617 1071
2927 23

852

Transmittance (%)

1225

1491
T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 6.2 FT-IR spectrum of poly (1,3,4-oxadiazole) (POD-I) derived from
HPPDPB and TPC

'H NMR spectrum of polyhydrazide (PHA-I) derived from HPPDPB and TPC
is represented in Figure 6.3. The hydrazide protons ‘g’ and ‘h’ flanked by two
carbonyl groups (-CO-NH-NH-CO-) exhibited two distinct singlets at 10.52 and 10.66
& ppm, respectively. The hydrazide proton attached to carbonyl group of TPC moiety
experienced downfield shift as compared to that attached to carbonyl group of HPPBP
moiety. The four TPC ring protons ‘i’ and four protons ‘a’ ortho to carbonyl appeared
as a multiplet in the range 7.94-8.02 6 ppm. The remaining aromatic protons exhibited
a multiplet in the range 7.0-7.17 6 ppm. The protons of benzylic —-CH; exhibited a
triplet at 2.58 6 ppm. The protons of methylene group B to aromatic ring appeared as a
mutiplet in the range 1.51-1.59 & ppm. The protons of remaining methylene groups
exhibited a multiplet over the range 1.12-1.24 & ppm. The protons of terminal —CHs
group of the pentadecyl chain displayed a triplet at 0.83 & ppm.
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Figure 6.3 '"H NMR spectrum (in DMSO-dg) of polyhydrazide (PHA-1) derived
from HPPDPB and TPC

'H NMR spectrum of polyhydrazide (PHA-II) derived from HPPDPB and
isophthaloyl chloride is depicted in Figure 6.4.
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Figure 6.4 '"H NMR spectrum (in DMSO-ds) of polyhydrazide (PHA-11) derived
from HPPDPB and IPC

In 'H NMR spectrum of polyhydrazide PHA-II, the two hydrazide protons h
and g appeared at 10.52 and 10.66 & ppm and no difference in the chemical shift of
hydrazide protons of PHA-1 and PHA-II could be observed even though the two acid
chlorides (i.e. TPC and IPC) used in their synthesis are different. The protons of IPC
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moiety i, j and k exhibited a singlet at 8.84 & ppm, a doublet at 8.11 & ppm and a
broad peak at 7.63 6 ppm, respectively. The protons of HPPDPB moiety ortho to
carbonyl group appeared as a doublet at 7.96 6 ppm and remaining aromatic protons
displayed a multiplet over the range 7.01-7.15 & ppm. The benzylic —CH, group
protons exhibited a triplet at 2.57 & ppm while protons of —CH; group P to aromatic
ring appeared as a broad peak at 1.54 & ppm. The rest of methylene group protons
displayed a multiplet in the range 1.33-1.21 6 ppm and terminal —CH3 group appeared
as atripletat 0.81 & ppm.

'H NMR spectrum of polyhydrazide (PHA-III) derived HPPDPB and mixture
of terephthaloyl chloride and isophthaloyl chloride is presented in Figure 6.5.
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Figure 6.5 '"H NMR spectrum (in DMSO-d) of polyhydrazide (PHA-I11) derived
from HPPDPB and mixture of TPC and IPC (50:50 mol %)

Similar to polyhydrazide PHA-I and PHA-1l, 'H NMR spectrum of
polyhydrazide PHA-III showed the two singlets at 10.52 and 10.66 6 ppm which
correspond to hydrazide protons g and h, respectively. The protons of IPC moiety i, j
and k appeared as a singlet at 8.84 6 ppm, a doublet at 8.11 6 ppm and a doublet at
7.63 & ppm, respectively. The four protons TPC ‘I’ and four protons of HPPDPB ‘a’
ortho to carbonyl exhibited a multiplet in the range 7.94-8.02 6 ppm. The rest of
aromatic protons of HPPDPB exhibited a multiplet in the range 7.01-7.16 6 ppm. The
benzylic methylene protons displayed a triplet at 2.58 & ppm whereas protons of
methylene B to aromatic ring exhibited a multiplet in the range 1.53-1.57 & ppm. The
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remaining protons of methylene groups appeared as a multiplet over the range 1.15-
1.25 6 ppm. The terminal methyl group exhibited a triplet at 0. 82 6 ppm.

'H NMR spectrum of poly (1,3,4-oxadiazole) (POD-1) derived from HPPDPB
and terephthaloyl chloride is reproduced in Figure 6.6.
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Figure 6.6 '"H NMR spectrum (in CDCls) of poly(1,3,4-oxadiazzole) (PlOD-I)
derived from HPPDPB and TPC

The disappearance of two peaks corresponding to hydrazide protons (vide
Figure 6.3) confirmed the completion of cyclization of polyhydrazides to poly(1,3,4-
oxadiazole). The four protons of TPC moiety exhibited a singlet at 8.29 & ppm.
Aromatic protons ‘a’ ortho to oxadiazole ring and meta to the ether linkage exhibited
a multiplet in the region 8.10-8.14 & ppm while the remaining aromatic protons
appeared as a multiplet in the range 6.92-7.12 & ppm. The protons of benzylic —CH,
exhibited a triplet at 2.64 & ppm. The protons of methylene B to aromatic ring
appeared as a multiplet in the range 1.57-1.66 6 ppm. The rest of methylene protons
exhibited a multiplet in the range 1.21-1.35 & ppm. Methyl group protons of the
pentadecyl chain displayed a triplet at 0.85 6 ppm.

'H NMR spectrum of poly(1,3,4-oxadiazole) (POD-11) derived from HPPDPB
and IPC is represented in Figure 6.7. *H NMR spectrum confirmed the complete of
cyclization of polyhydrazide to poly(1,3,4-oxadiazole) as two peaks corresponding to
hydrazide protons are absent. The protons of IPC moiety h, i and j displayed a singlet
at 8.85 & ppm, a doublet at 8.31 & ppm and a doublet at 7.72 & ppm, respectively.

Aromatic protons ‘a’ ortho to oxadiazole ring and meta to the ether linkage exhibited
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a doublet at 8.13 6 ppm while the remaining aromatic protons appeared as a multiplet
in the range 6.93-7.11 & ppm. The protons of benzylic methylene displayed a triplet at
2.64 5 ppm. The protons of methylene  to aromatic ring exhibited a multiplet in the
range 1.57-1.66 6 ppm. The rest of methylene protons appeared as a multiplet in the
range 1.17-1.29 & ppm. Methyl group protons displayed a triplet at 0.85 & ppm.
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Figure 6.7 '"H NMR spectrum (in CDCls) of poly (1,3,4-oxadiazole) (POD-I1)
derived from HPPDPB and IPC

'H NMR spectrum of poly(1,3,4-oxadiazole) (POD-III) derived from HPPDPB
and a mixture of TPC and IPC is depicted in Figure 6.8. *H NMR spectrum confirmed
the complete of cyclization of polyhydrazide to poly(1,3,4-oxadiazole) as the two
peaks of hydrazide protons which were present in *H NMR spectrum of PHA-III
(vide Figure 6.5) are absent in *H NMR spectrum of POD-III. It confirmed the
completion of cyclization reaction leading to formation of poly(1,3,4-oxadiazole). *H
NMR spectrum displayed the signals corresponding to the both IPC and TPC
moieties. The protons i and k of IPC moiety appeared as a singlet at 8.85 6 ppm and a
doublet at 7.72 & ppm, respectively. The proton j of IPC and protons h of TPC
appeared together as a multiplet in the range 8.26-8.32 6 ppm. Aromatic protons ‘a’
ortho to oxadiazole ring exhibited a broad signal at 8.13 6 ppm while the remaining
aromatic protons appeared as a multiplet in the range 6.93-7.12 & ppm. The protons of
benzylic -CH, appeared as broad signal at 2.64 6 ppm. The protons of —CH, linkage 3
to the aromatic ring displayed a multiplet in the range 1.57-1.66 & ppm. The rest of
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methylene protons exhibited a multiplet in the range 1.17-1.29 6 ppm. The methyl
protons appeared as a triplet at 0.85 & ppm.

Chlorqform—d

8.85
—8.29
—8.13
—7.72

2.64
—1.62
—1.23
—0.85

=Z

a b c d fg b a h a b c d fg b a i
N- ) N-N o
o 0—< >—0—< >——L/ )—< >———(\ h (o] 0—< >—O—< >—(’ O\ <0
5 o N-N 5 ) N-N
n ) ] z n
12 iz ©

e

0.43 399 051  11.16 2.00 2.7825.23 3.03
_ = 4 — [

Figure 6.8 'H NMR spectrum (in CDCls) of poly(1,3,4-oxadiazozle) (POE)-III)
derived from HPPDPB and a mixture of TPC and IPC
6.4.3 Solubility measurements

The solubilities of polyhydrazides and poly(1,3,4-oxadiazole)s were
tested in various organic solvents at 3 wt % concentration and the results are
summarized in Table 6.2.
Table 6.2 Solubility data of polyhydrazides and poly(1,3,4-oxadiazole)s derived
from HPPDPB and aromatic diacid chlorides

Diacid

@ o

Chlorides O L oL L2 £ 8 3
Polymer Diacylhydrazide 5 S = E g ; c 0 2
TPC IPC a g O
PH-I HPPDPB 100 0 R o e o I
PH-I1 HPPDPB 0 100 - - - ++ ++ ++ A+
PH-I111 HPPDPB 50 50 - - - 4+ 4+
POD-I HPPDPB 100 0 ++ ++ ++ - - -+ -
POD-II HPPDPB 0 100 ++ ++ ++ +0 +0 +0 ++ ++ +0
POD-I1I HPPDPB 50 50 ++ ++ 4+ - - -+ -

++ : soluble at room temperature; +0 : partially soluble on heating at 60 °C; -- : insoluble

Polyhydrazides were found to be readily soluble in polar aprotic solvents such
as DMAc, NMP, DMF, DMSO and were also soluble in m-cresol and pyridine at

room temperature. The excellent solubility associated with polyhydrazides could be
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attributed to the packing disruptive pentadecyl chains and multiple ether linkages in
the structure. The incorporation of pendent pentadecyl chain disrupted the close chain
packing and reduced interchain interactions like hydrogen bonding. Additionally, the
multiple ether linkages provided increased chain flexibility. Therefore solvent
molecules can easily penetrate the into polymer chains leading to the enhanced
solubility.

Regardless of rigid oxadiazole rings in the poly(1,3,4-oxadiazole) backbone,
poly(1,3,4-oxadiazole)s were fairly soluble in solvents such as chloroform,
dichloromethane, tetrahydrofuran, pyridine and m-cresol at room temperature.
Pasquale et al. synthesized poly(arylene ether 1,3,4-oxadiazoles) and observed that
along with ether linkages presence of pendent alkyl group is necessary to enhance
solubility.®” The improved solubility of poly(1,3,4-oxadiazole)s is due to the presence
of pendant pentadecyl chains and multiple ether linkages as pentadecyl worked as
packing disruptive group and multiple ether linkages gave flexibility to polymer
backbone. Thus, objective of synthesizing soluble PODs was achieved. The enhanced
solubility offers poly(1,3,4-oxadiazole)s processability characteristic as well as
broadens their study by virtue of feasibility in characterizations.

6.4.4 X-Ray diffraction studies
X-Ray diffractograms of polyhydrazides and poly(1,3,4-oxadiazole)s

derived from HPPDPB and aromatic diacid chlorides are shown in Figure 6.9.
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Figure 6.9 X-Ray diffractograms of poI;l/hydrazides and poly(1,3,4-oxadiazole)s
derived from HPPDPB and aromatic diacid chlorides

WAXD patterns of polyhydrazides and poly(1,3,4-oxadiazole)s displayed
broad halo at around 26 = ~ 20° which revealed the amorphous nature of the

polymers. The amorphous nature could be attributed to the presence of pendant
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pentadecyl chains in the polymer which disrupt close chain packing. Moreover,
polyhydrazides and poly(1,3,4-oxadiazole)s exhibited a strong reflection in the small-
angle region at 20 = ~ 3° which could be attributed to formation layered structure by
pentadecyl chains.*’ The amorphous nature of polyhydrazides and poly(1,3,4-
oxadiazole)s was also reflected in their superior solubility in common organic
solvents.
6.4.5 Thermal properties

Thermal stability of polyhydrazides and poly(1,3,4-oxadiazole)s was
evaluated by thermogravimetric analysis (TGA) at a heating rate of 10° C /minute
under nitrogen. TG curves of polyhydrazides and poly(1,3,4-oxadiazole)s are

represented in Figure 6.10 and 6.11, respectively.
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Figure 6.10 TG curves of polyhydrazides derived from HPPDPB and aromatic
diacid chlorides

TG curves of polyhydrazides exhibited the initial weight loss at around 300 °C
(Figure 6.10) due to dehydration of hydrazide moieties (-CO-NH—NH-CO-) in the
backbone leading to formation of oxadiazole (J;E—) units. The 10% decomposition
temperatures (T1p) and the weight residues at 800 °C for poly(1,3,4-oxadiazole)s are
presented in Table 6.3. T values of poly(1,3,4-oxadiazole)s were in the range of 423

to 442 °C indicating their good thermal stability.
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Figure 6.11 TG curves of poly(1,3,4-oxadiazole)s

Table 6.3 Thermal properties of polyhydrazides and poly(1,3,4-oxadiazole)s
derived from HPPDPB and aromatic diacid chlorides

Diacid Weight
Polymer _ _ LTS _ Ty
Diacylhydrazide Chlorides cc) residue at o)
TPC IPC 800° C (%)

PH-I HPPDPB 100 0 - 21 192
PH-I1I HPPDPB 0 100 - 19 175
PH-111 HPPDPB 50 50 - 20 183
POD-I HPPDPB 100 0 440 22 103
POD-II HPPDPB 0 100 430 16 92

POD-III HPPDPB 50 50 425 17 97

a : temperature at which 10% weight loss is observed

Polyhydrazides and poly(1,3,4-oxadiazole)s were characterized by differential
scanning calorimetry to evaluate their Ty Figure 6.12 and 6.13 represent DSC
curves of polyhydrazides and poly(1,3,4-oxadiazole)s, respectively. Ty values were
calculated from second heating scans of the polymers at a heating rate of 10 °C /

minute and Tg values are presented in Table 6.3.
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Figure 6.12 DSC curves of polyhydrazides derived from HPPDPB and aromatic
diacid chlorides

The Ty values for polyhydrazides PHA-1, PHA-II and PHA-I1I were 192, 175
and 183 respectively while T values of poly(1,3,4-oxadiazole)s POD-I, POD-II, and
POD-IIl were 103, 92 and 97 °C, respectively. T4 value is a function of polymer
backbone rigidity since increase in rigidity causes increase in energy required for
segmental motion of the polymer chains. Hence, T4 increases with increase in rigidity
in polymer backbone. PHA-1 and POD-I showed highest Ty among the series of
polyhydrazides and poly(1,3,4-oxadiazole)s which could be attributed to higher
rigidity in PHA-1 and POD-I backbone because of rigid 1,4-phenylene units.
Moreover, Tqof poly(1,3,4-oxadiazole) based on HPPDPB and TPC (103 °C) is lower
than that of poly(1,3,4-oxadiazole) based on 4,4’-oxybisbenzohydrazide and TPC
(289 °C).* This lowering of Tq values of obtained polyhydrazides could be attributed
to packing disruptive effect of pentadecyl chains and to the flexibility offered by the
multiple ether linkages.

The Ty values poly(1,3,4-oxadiazole)s were lower than that of parent
polyhydrazides. In spite of having rigid 1,3,4-oxadiazole repeat unit in the polymer
chain, Ty values observed were in the range 92-103 °C. These results revealed that Ty
for poly(1,3,4-oxadiazole)s is strongly dependent on flexible pentadecyl chain present
in the polymer backbone, and this conclusion is in agreement with data reported in
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literature.”> > A large difference between T, (92-103 °C) and Ty values (430-440 °C)

offers poly(1,3.4-oxadiazole)s a wide processing window.
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Figure 6.13 DSC curves of poly(1,3,4-oxadiazole)s

6.4.6 Optical properties
The optical properties of poly(1,3,4-oxadiazole)s were investigated by UV-Vis
absorption and photoluminescence (PL) spectroscopy in dilute chloroform solution
(10™° mol/L). The results are summarized in Table 6.4. The UV-Vis absorption and
photoluminescence spectra of poly(1,3,4-oxadiazole)s are represented in Figure 6.14
and 6.15, respectively.

Table 6.4 Optical and electrochemical properties of poly(1,3,4-oxadiazole)s

abs abs PL opt Eonset e
)vmax )bonset )vmax Eg ELUMO/HOMO
Polymer Onset
(nm) (nm) (nm) eV) (eV)
V)
POD-I 337 372 394 3.33 -1.15 3.65/6.98
POD-II 304 340 380 3.65 -1.16 3.64/7.29

POD-I111 315 368 394 337 - -

Calculated by equation: E,™= 1240/ Aegge ; The HOMO and LUMO energy levels were

calculated from E,qe Of reduction potential with respect to ferrocene (4.8 eV) and E,™
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Figure 6.14 UV spectra of poly(1,3,4-oxadiazole)s
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Figure 6.15 Photoluminescence spectra of poly(1,3,4-oxadiazole)s
The optical band gap was calculated from the equation 1.24/ Aegge (€V). The
calculated optical bands gap for POD-I, POD-II and POD-III are 3.33, 3.65, 3.37 eV,
respectively. Poly(1,3,4-oxadiazole)s I-111 exhibited blue fluorescence emission
maxima at 394, 380 and 394 nm, respectively in chloroform solution. The
photoluminescence of poly(1,3,4-oxadiazole)s in solution as well as solid state (POD-

| film) under UV irradiation are shown in Figure 6.16.
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Solution of POD-I, 11, 111 POD-I film

Figure 6.16 Photoluminescence of poly(1,3,4-oxadiazole)s under UV lamp

6.4.7 Electrochemical properties

The electrochemical properties of poly(1,3,4-oxadiazole)s were studied by
cyclic voltammetry. The redox behavior of these polymers was investigated by cyclic
voltammetry conducted for the cast films on an ITO-coated glass substrate as working
electrode in dry acetonitrile (CH3CN) containing 0.1 M of TBAP as an electrolyte
under nitrogen atmosphere for oxidation and reduction measurements. The
electrochemical results were used for calculation of highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy of levels
for POD-1 and Il. The LUMO and HOMO energy levels can be determined from the
oxidation onset, reduction onset potentials (E) and optical band gap (Egq "y and the
results are presented in Table 6.4. The cyclic voltammograms for POD-I and POD-II
are represented in Figure 6.17, indicating one reduction process at 1.21 and 1.22 V,

and onset of reduction potential at -1.15 and -1.16 V, respectively.

5 .
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Figure 6.17 Cyclic voltammograms for POD-I (A) and POD-I11 (B)
The external ferrocene/ferrocenium (Fc/Fc*) redox standard Es, is 0.44 V vs
Ag/AgCl in CH3CN. Assuming that the HOMO energy for the Fc /F¢* standard is
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4.80 eV with respect to the zero vacuum level, the LUMO energy for POD-I and
POD-II has been evaluated to be 3.65 eV and 3.64 eV. Thus, the results of optical and
electrochemical properties of poly(1,3,4-oxadiazole)s containing pendent pentadecyl

chains indicate that they could be potentially utilized in photovoltaic applications.

6.5 Conclusions

1. A new series of polyhydrazides and poly(1,3,4-oxadiazole)s containing
pendent pentadecyl chains and multiple ether linkages in the backbone was
synthesized from 4-(4-(4-(4-(Hydrazinocarbonyl) phenoxy)-2-
pentadecylphenoxy) phenoxy) benzohydrazide and aromatic diacid chlorides.

2. The inherent viscosities of polyhydrazides and poly(1,3,4-oxadiazole)s were in
the range 0.65-0.72 dL/g and 0.54-0.62 dL/g, respectively indicating formation
of reasonably high molecular weight polymers.

3. Polyhydrazides were soluble in polar aprotic solvents such as DMF, DMAc,
pyridine and DMSO. Poly(1,3,4-oxadiazole)s exhibited excellent solubility in
solvents, such as chloroform, dichloromethane and tetrahydrofuran. Tough,
transparent and flexible films of polyhydrazides and poly(1,3,4-oxadiazole)s
could be cast from DMAc and chloroform solutions, respectively.

4. X-Ray diffraction studies of polyhydrazides and poly(1,3,4-oxadiazole)s
revealed their amorphous nature. The formation of layered structure was
observed for both polyhydrazides and poly(1,3,4-oxadiazole)s because of
ordered packing of pentadecyl chains.

5. The Ty values for poly(1,3,4-oxadiazole)s were in the range 425-440 °C
indicating their good thermal stability.

6. The lowering of T4 of polyhydrazides (175-192 °C) and poly(1,3,4-
oxadiazole)s (92-103 °C), could be attributed to presence of packing
disruptive pendent pentadecyl chains and flexiblizing multiple ether linkages
in the backbone.

7. Poly(1,3,4-oxadiazole)s exhibited maximum UV-Vis absorption in the range
304-337 nm whereas maximum of fluorescence emission was in the range
380-394 nm in chloroform solution.

8. The optical band gap (Eg) values for poly(1,3,4-oxadiazole)s were found to be
in the range 3.33-3.65 eV indicating their potential application in opto-

electronic devices.
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7.1 Introduction
Poly(arylene ether)s such as poly(ether ketone)s, poly(ether sulfone)s, etc.,
constitute an important class of high performance thermoplastics because of their
attractive properties such as high thermo-oxidative, high chemical stability and
excellent mechanical strength. Poly(arylene ether)s are therefore extensively used in
aviation, spacecrafts, automobile, food processing sectors, medical devices, gas
separation membranes, ultrafilration, fuel cells, electronic/electrical industries, etc.™’
The nucleophilic substitution and electrophilic substitution (Friedal-Crafts
acylation) methods are used for preparation of various kinds of poly(arylene ether)s.”
6 1821 The electrophilic substitution method has some limitations due to the
mechanistic problems. Therefore, poly(arylene ether)s are most commonly prepared
by nucleophilic substitution method. The method involves nucleophilic aromatic
substitution (SNAr) of activated aromatic dihalides with alkali-metal bisphenoxides in
polar aprotic solvents which generates an ether linkage. Fluorine is found to be the
best leaving group but in some cases, chlorine or nitro can be used as good leaving
groups.22'28
In spite of outstanding properties of poly(ether ketone)s, their applications
have been limited due to difficulties in the processing as well as synthesis which
could be attributed to their insolubility in common organic solvents because of high
crystallinity which originates from the high chain packing density. A number of
approaches have been developed towards the enhancement of solubility and
processibility of poly(arylene ether)s by the inclusion of meta-linkages, flexible
linkages, or pendent bulky groups.* ® 10 12.16.29-35
This chapter includes synthesis of poly(ether ether ketone), poly(ether ether
ketone ketone) and poly(ether sulfone) based on 3-pentadecyl 4,4’-biphenol and
commercially available aromatic dihalides by nucleophilic substitution method.
Poly(arylene ether)s were characterized by inherent viscosity measurements, gel
permeation chromatography, FT-IR, *H NMR and *C NMR spectroscopy, solubility
measurements, X-ray diffraction studies, thermogravimetric analysis, and DSC.

Poly(ether sulfone) was evaluated as a membrane material for gas separation studies.
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7.2 Experimental
7.2.1 Materials
3-Pentadecyl 4,4’-biphenol (PDBP) was prepared as described in Chapter 3.
4,4’-Difluorobenzophenone (DFB), 1,3-bis(4—fluorobenzoyl)benzene (BFB) and
bis(4-fluorophenyl)sulfone (FPS) (Aldrich, USA) were recrystallized from toluene
before use. Anhydrous potassium carbonate (Aldrich, USA) was used after drying at
150 °C for 24 h under vacuum. N, N-Dimethylacetamide (DMAc) was dried by
stirring on calcium hydride for 24 h and then distilled under reduced pressure. All
solvents were of reagent grade and were used after purification by the standard
procedures.®
7.2.2 Measurements
Inherent viscosity (minn) of polymers was measured with 0.5 % (w/v) solution
of polymer in chloroform at 30+0.1°C using an Ubbelhode suspended level

viscometer.

Ninh Was calculated using the equation: ., = < xlog—
n C

Where, t and t, are flow times of polymer solution and solvent, respectively
and C is the concentration of polymer solution.

Molecular weights of poly(arylene ether)s were measured on ThermoFinnigan
make gel permeation chromatograph (GPC), using the following conditions: Column -
polystyrene-divinylbenzene (10° A to 50 A), Detector - RI, room temperature.
Polystyrene was used as the calibration standard. Polymer sample (5 mg) was
dissolved in 5 mL chloroform and filtered through 0.2 p SS-filter.

FTIR spectra were recorded using polymer films on a Perkin-Elmer Spectrum
GX spectrophotometer.

NMR spectra were recorded on a Bruker 400 MHz spectrometer at resonance
frequency of 400 MHz for *H and 100 MHz for **C measurements using CDCl5 as a
solvent.

The solubility of poly(arylene ether)s was determined at 3 wt.% concentration
(w/v) in various solvents at room temperature or on heating.

X-Ray diffraction patterns of polymers were obtained on a Rigaku
MicroMax-007HF X-ray diffractometer operating at 40 kV and 30 mA. Dried

polymer films or powder samples were exposed to the X-ray beam for 3 min and the
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scattering pattern was imaged by Rigaku R-AXIS IV++ area detector. The 2D pattern
was converted to 1D pattern by Rigaku 2DP software.

Thermogravimetric analysis was performed on Perkin-Elmer STA 6000
system at a heating rate of 10 °C / minute under nitrogen atmosphere. ~5 mg sample
was taken for analysis.

DSC analysis was carried out on TA Instruments DSC Q10 at a heating rate of
10°C / minute in nitrogen atmosphere.

7.3 Synthesis of poly(arylene ether)s

A representative polymerization procedure for the synthesis of poly(arylene
ether)s is described below:

Into a 100 mL three necked round bottom flask equipped with a reflux
condenser, a nitrogen inlet, a magnetic stirring bar and a Dean-Stark trap were
charged PDBP (0.395 g, 1 mmol), bis(4-fluorophenyl) sulfone (0.254 g, 1 mmol),
anhydrous potassium carbonate (0.346 g, 2.5 mmol), N,N-dimethylacetamide (10 mL)
and toluene (10 mL). The reaction mixture was heated at reflux with stirring for 3 h
and water was removed by azeotropic distillation with toluene. Toluene was removed
by distillation, and the reaction mixture was heated at 180 °C for 8 h. After cooling,
the viscous reaction mixture was poured into methanol (100 mL); the precipitated
polymer was filtered and washed several times with water to remove the metal salt.
The polymer was dissolved in chloroform and reprecipitated into methanol. The
polymer was filtered, washed with methanol and dried under reduced pressure at
room temperature for 24 h.

A similar procedure was followed for the synthesis of other poly(arylene
ether)s.

7.4 Results and Discussion
7.4.1 Synthesis of poly(arylene ether)s

Scheme 7.1 illustrates synthesis of poly(arylene ether)s from PDBP and
commercially available aromatic dihalides viz., 4,4’-difluorobenzophenone (DFB),
1,3-bis(4—fluorobenzoyl)benzene (BFB) and bis(4-fluorophenyl)sulfone (FPS).
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DMAc
CqsH34 Toluene
K,CO4
180 °C
C15H31 n
o o
It —S—
R= —C— ’ 6
PEK-I
PEK-II PES

Scheme 7.1 Synthesis of poly(arylene ether)s from PDBP and activated aromatic
dihalides

The polymerization reactions were carried out in N,N-dimethylacetamide in
the presence of anhydrous potassium carbonate under conditions described in the
experimental section. The excess of anhydrous potassium carbonate was used to
convert the biphenol into corresponding phenolate anions. Azeotropic distillation with
toluene was used to remove water formed from disproportionation of potassium
carbonate.® Then the polycondensation of these phenolate anions with the activated
difluorides were readily accomplished at 180 °C. Poly(arylene ether)s were isolated
by precipitating the reaction mixture into excess methanol. The results of
polymerization reactions are summarized in Table 7.1.

Table 7.1 Synthesis of poly(arylene ether)s from PDBP and aromatic dihalides

Nin Molecular Weight” PDI

Polymer Structure
Y AL9)° M, (x 109 My (x10%  (Muw/My)

PEK-I %0@2 0.81 8.3 18.2 2.2

CisHaq

PEK-I1 { ) @CV@% 2.2 49 2.2

C15H31

PES {O 0.67 5.8 12.9 2.2

CisH34 n

a: m,, was measured with 0.5 % (w/v) solution of poly(arylene ether)s in CHCl; at 30 + 0.1°C

b: GPC in chloroform, (calibration standard: polystyrene)
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Inherent viscosity (ninn) Of poly(arylene ether)s was in the range 0.50-0.81
dL/g indicating formation of reasonably high molecular weight polymers. The results
of GPC measurements of poly(arylene ether)s are presented in Table 7.1. Number
average molecular weights (Mn) of poly(arylene ether)s were in the range 2.2 x 10*to
8.3 x 10* with polydispersity index of 2.2. However, the molecular weight values
provided by GPC should not be taken as absolute as the calibration of GPC was
carried out using polystyrene standards. Poly(arylene ether)s could be cast into tough,
transparent, and flexible films by casting from solution of polymers in chloroform.

7.4.2 Structural characterization

FT-IR, *H NMR and *C NMR spectroscopy was used to confirm the chemical
structures of poly(arylene ether)s.

FT-IR spectrum of poly(ether ether ketone) (PEK-I) obtained from PDBP and
DFB is represented in Figure 7.1. A characteristic absorption band of the carbonyl

stretching was observed 1661 cm™ and band of the ether linkage appeared at 1230 cm’
1.

wll |

2920

1587

Transmittace %

1230

! I ! I ! I ! 1 ! I ! 1
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 7.1 FT-IR spectrum of poly(ether ether ketone) (PEK-I) derived from
PDBP and DFB
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FT-IR spectrum of poly(ether ether ketone ketone) (PEK-II) obtained from
PDBP and BFB is represented in Figure 7.2. A characteristic absorption peak of the
carbonyl stretching was observed 1654 cm™.

2920
1654

1587

Transmittance %

1231

r T . T . r T r T T r T r
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 7.2 FT-IR spectrum of poly(ether ether ketone ketone) (PEK-II) derived
from PDBP and BFB

FT-IR spectrum of poly(ether sulfone) (PES) obtained from PDBP and FPS is
shown in Figure 7.3. The two bands of the sulfone group appeared at 1320 cm™ and

1150 cm™ due to asymmetric and symmetric stretching, respectively whereas band of
the ether linkage appeared at 1235 cm™.
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Figure 7.3 FT-IR spectrum of poly(ether sulfone) (PES) derived from PDBP and
FPS

'H and *C NMR spectra of poly(ether ether ketone) (PEK-1) obtained from
PDBP and DFB along with assignments are shown in Figure 7.4 and 7.6,
respectively.

The four protons ortho to carbonyl group appeared as four signals in the
region 7.85-7.90 & ppm. The remaining aromatic protons viz, protons meta to
carbonyl group and aromatic protons of biphenol exhibited multiplet in the range
6.98-7.38 & ppm. The benzylic methylene protons appeared as a triplet at 2.61 & ppm.
The protons of methylene group B to aromatic ring exhibited a broad peak at 6 1.51
ppm. The other methylene protons displayed a multiplet over the range 6 1.18-1.32
ppm. Methyl protons of the pentadecyl chain appeared as a triplet at 0.89 & ppm. It
was interesting to note the appearance of four peaks for protons ortho to carbonyl. In
order to study whether the peaks are independent signals or arising out of spin-spin
coupling, *H NMR spectra of PEK-1 were recorded at three different magnetic field
strengths viz, 200, 400 and 500 MHz. (Figure 7.5) The spectra showed that increase

in the field strength caused increase in the separation of the signals whereas J- values
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indicated that these signals are either two distinct doublets or separate signals but not

the doublet of doublet. Further, this behavior could be explained on the basis of

constitutional isomerism.
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Figure 7.4 'H NMR spectrum (in CDCls) of poly(ether ether ketone) (PEK-I)
derived from PDBP and DFB
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Figure 7.5 Partial 'H NMR spectrum of PEK-1 at three different magnetic
strengths (500, 400 and 200 MHz)
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Figure 7.6 *C NMR spectrum (in CDCIs) of PEK-1 derived from PDBP and DFB

In *C NMR spectrum of PEK-I (Figure 7.6), the carbonyl carbon exhibited
three distinct signals at 194.21, 194.24 and 194.28 & ppm. This could be attributed to
the different types of carbonyl carbons of different types of constitutional isomers
which is explained later. Similarly, C19 exhibited two signals at 161.41 and 161.44 &
ppm while C11 showed two signals at 161.22 and 161.25 & ppm. The chemical shifts
of other carbon atoms were in good agreement with the assigned structure.

'H NMR spectrum of poly(ether ether ketone ketone) (PEK-I1) derived from
PDBP and BFB along with assignments is shown in Figure 7.7
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Figure 7.7 *H NMR spectrum (in CDCls) of poly(ether ether ketone ketone)
(PEK-II) derived from PDBP and BFB
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The proton flanked by two carbonyl groups appeared at 6 8.10 ppm. The
doublet at 6 7.99 ppm is due to protons ‘i’ whereas triplet at 6 7.62 ppm is due to
proton j’. The four aromatic protons ortho to carbonyl group appeared as four distinct
signals at 7.85, 7.86, 7.87 and 7.88 & ppm. The rest of aromatic protons appeared as
multiplet over the range 6 6.95-7.35 ppm.

'H and *C NMR spectra of poly(ether sulfone) (PES) derived from PDBP and
FPS along with assignments are shown in Figure 7.8 and 7.9, respectively.

In *H NMR of PES, the four signals at & 7.89.7.90. 7.91 and 7.92 & ppm are
assignable to the aromatic protons ortho to sulfone group and remaining aromatic
protons appeared as a multiplet in the range 6 6.88-7.33 ppm. The benzylic methylene
protons exhibited a triplet at 6 2.55 ppm and protons of carbon B to the ring appeared
as multiplet in the range & 1.42-1.46 ppm. The rest of the methylene protons of the
aliphatic chain exhibited multiplet in the range & 1.17-1.128 ppm. Methyl group of
pentadecyl chain appeared at 6 0.86 ppm.
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Figure 7.8 *H NMR spectrum (in CDCls) of PES derived from PDBP and FPS
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Chloroform-d
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The four signals were observed for the protons ortho to carbonyl/sulfone
group of poly(arylene ether)s. The appearance of four signals could be due to the
constitutional isomerism resulting from the use of non-symmetrical biphenol
monomer. As discussed in Chapter 5, the feasible structural orientations are four viz,
(a) Head-to-Head, (b) Tail-to-Tail, (c) Head-to-Tail and (d) Tail-to-Head; where the
two structures, i.e. Head-to-Tail and Tail-to-Head would be indistinguishable. The
possible structural orientations of poly(arylene ether)s are depicted in Figure 7.10.

In 'H NMR spectra of poly(arylene ether)s, theoretically one would expect
three doublets corresponding to protons ortho to carbonyl/sulfonyl group, if
constitutional isomers were present. However, 400 MHz NMR spectra of poly(arylene
ether)s displayed only four signals corresponding to protons ortho to

carbonyl/sulfonyl group.
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Figure 7.10 Plausible sequences in poly(arylene ether)s derived from PDBP and
aromatic dihalides

In order to make definitive conclusions, 2 D NMR experiments were carried
out. COSY and HMBC spectra of PEK-I are reproduced in Figure 7.11-7.14. In

COSY spectrum, protons ‘g’ and f, d and e, a and b showed correlation with each
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other, indicating that they are placed ortho to each other. In aliphatic region, protons
are showing correlation with the protons on adjacent carbon atoms. (Figure 7.11).
The expanded region showing aromatic proton correlation is represented in Figure
7.12.
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Figure 7.11 *H-'H COSY spectrum of PEK-I
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Figure 7.12 *H-'H COSY spectrum of PEK-I: Expanded region

The correlation between protons and carbons were studied by heteronuclear

multiple-bond correlation spectroscopy (HMBC) and heteronuclear single-quantum

correlation spectroscopy (HSQC). The assignments of carbons in *3C spectrum of
PEK-1 were confirmed by HMBC and HSQC correlations. The HMBC spectrum

along with assignments is reproduced in Figure 7.13. In HMBC spectrum, carbonyl

carbon (15) showed correlation with protons ‘g’ which are placed ortho to carbonyl

group. Moreover, the carbonyl carbon appeared as three signals at 194.21, 194.24 and

194.28 6 ppm, in approximately 1:2:1 proportion (Figure 7.14) which further

supports the presence of constitutional isomerism.
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Figure 7.14 HMBC spectrum of PEK-1: Expanded region

7.4.3 Solubility of poly(arylene ether)s
The solubility behavior of poly(arylene ether)s was tested in organic solvents
at 3.0 % (w/v) and the data is presented in Table 7.2.
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Table 7.2 Solubility data of poly(arylene ether)s

Polymer Dihalide CHCI; DCM THF DMF DMAc NMP Pyridine DMSO

PEK-I DFB ++ ++ ++ +- +- ++ ++ -

PEK-II BFB ++ ++ ++ +- +- ++ ++ --

PES FPS ++ ++ ++ +- ++ ++ ++ -
++ : soluble at room temperature; +- : soluble on heating; -- : insoluble on heating at 80 °C

It is well known that the conventional PEEKSs are insoluble in most of the
common organic solvents. PEK-I and PEK-II were soluble at room temperature in
solvents such as dichloromethane, chloroform, tetrahydrofuran, pyridine, and 1-
methyl-2-pyrrolidinone and were soluble in solvents such as N,N-dimethylformamide
and N,N-dimethylacetamide upon heating. In light of the organosolubility of
poly(ether ketone)s containing pendent pentadecyl chains, they could be considered as
good candidates for applications such as gas separation and microelectronic devices
where the combination of solubility plus good thermal properties is desired.

Poly(ether sulfone) was soluble in organic solvents such as chloroform,
dichloromethane and THF at room temperature.

Overall, poly(arylene ethers) containing pentadecyl chains exhibited improved
solubility than analogous poly(arylene ether)s based on 4,4’-biphenol which are
reported to be insoluble in common organic solvents.” Obviously, the improved
solubility poly(arylene ethers)s synthesized in the present work could be attributed to
the incorporation of pendent pentadecyl chains, which prevent the close packaging of
the polymer chain and lead to the increased free volume, which, in turn, facilitates the
penetration of the solvent molecules resulting in improved solubility.

7.4.4 X-Ray diffraction studies

The crystallinity of poly(arylene ether)s was characterized by wide angle X-
ray diffraction (WAXD) studies. All the polymers exhibited amorphous halos over the
20 range 15-25° which indicated their amorphous nature (Figure 7.15).
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Figure 7.15 X-Ray diffractograms of poly(arylene ether)s derived from PDBP
and activated aromatic dihalides

A broad reflection in the small-angle region at about 20 ~ 3° was observed for
all poly(arylene ether)s. This could be attributed to the presence of layered structure
developed due to the packing of pentadecyl chains. There are reports in which layered
crystalline structure was showed by the polymers with flexible long chains.®® The
amorphous nature was mainly ascribed to the introduction of pentadecyl chains which
prevent close chain packing with increased free volume, this resulted in a decrease in
crystallinity. Additionally, amorphous nature of polymers was also reflected in their
excellent solubilities.

7.4.5 Thermal properties

Thermal properties of poly(arylene ether)s were characterized by
thermogravimetric analysis (TGA) at a heating rate of 10 °C / minute under nitrogen
atmosphere (Figure 7.16). The decomposition temperature at 10% weight loss (T1p)

and char yields at 800 °C for poly(arylene ether)s are given in Table 7.3
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Figure 7.16 TG curves of poly(arylene ether)s derived from PDBP and activated
aromatic dihalides

T1o values of poly(arylene ether)s were in the range 410-455 °C indicating
their good thermal stability. The weight residue at 800 °C for PEK-1, PEK-II and PES
were 35, 46 and 24, respectively. The Ty values indicated that the thermal stability
trend in the poly(arylene ether)s was PEK-I1 > PEK-1 > PES. A similar trend has been
reported in the literature.*’

Table 7.3 Thermal properties of poly(arylene ether)s

Weight
Polymer Structure T10(°C)  residue at 800 T, (°C)
°C (%)
o
I 35
- o} (o) Cc
(o] o
PEK-II oo@& c@ 455 46 51
CqsH34 n
QOO >
o (o] S
PES ﬂ i 410 24 (186°, 2219

a : Tqof BPA-based PEEK; b : T, of 4, 4’-biphenol-based PEEK; c : T, of BPA-based PES;
d : T4 of 4,4’-biphenol based PES
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Glass transition temperatures (Tg) of poly(arylene ether)s were evaluated by
differential scanning calorimetry (DSC) at a heating rate of 10 °C / min under nitrogen
atmosphere. DSC curves of poly(arylene ether)s obtained from second heating scans
are represented in Figure 7.17 and the T, values are presented in Table 7.3. The
reported'” * T, values of BPA and 4.,4’-biphenol based poly(arylene ether)s are also
included in Table 7.3. The T4 values of PEK-I, PEK-Il and PES were 35, 51 and 60
°C, respectively. It was observed that T4 of poly(arylene ether)s based on PDBP are
lower than the corresponding poly(arylene ether)s based on bisphenol-A and 4.4’-
biphenol. The significant drop in Ty could be attributed to presence of pendent flexible

pentadecyl chains, which hinders close chain packing.

PEKA

35
7

51

W_f PEKAI
\/ 0 PES

Heat Flow (W/g)

T T r
50 100 150

Temperature (°C)

Figure 7.17 DSC curves of poly(arylene ether)s obtained from second heating

scans

7.4.6 Gas permeability studies

Gas permeation using polymeric membranes is gaining importance due to techno-
economical demands for gas separation applications in the various industries.
Membrane-based separation techniques are modular in nature and therefore are easy

to implement on large-scale. They need lower operational costs, lower maintenance

Savitribai Phule Pune University 202 CSIR-National Chemical Laboratory



Chapter 7 Synthesis and Characterization of Poly(arylene ether)s ...

and have operational simplicity over conventional processes like cryogenic and
pressure swing adsorption (PSA). The main drawbacks of polymeric membrane-
based gas separation processes are that (i) achieving very high level of purity is cost
intensive and (ii) operations cannot be done at high temperatures due to polymer
material characteristics. In such cases, the hybrid technology combining membranes
with conventional ones are coming forward as promising alternatives. Newer
polymeric materials are being investigated to meet demands of various types. The
basic understanding towards polymer structure-gas permeation property is required to
systematically architecture the polymer structure for required applications to meet a
particular demand. For example, the separation of He from spent gas which is used as
a diluent in breathing gas mixtures used by deep sea divers, would need polymeric
materials that have high diffusivity selectivity. The separation of hydrocarbon
mixtures is achieved with materials that have high solubility selectivity. .

7.4.6.1 Effect of structural modification on gas separation

Gas separation based on polymeric membranes is a dynamic and rapidly
growing field. Polysulfone has adequate gas separation performance as well as good
thermal stability, mechanical properties and chemical resistance.>**! Permeability and
permselectivity of polymers significantly depend on the components and structure of
polymers. Numerous studies on the relationship between the molecular structure of
polymers and their gas transport properties have been reported in an attempt to gain a
better understanding of the transport mechanism.'® " 42 % Generally, chain rigidity
imparts increased permselectivity but lower permeability. In terms of polymer
molecular design, chain stiffness should be coupled with an increase in interchain
separation in order to achieve simultaneously higher permeability and
permselectivity.*®

The effect of connector group and substituent symmetry on bisphenol plays an
important role in governing permeation properties of poly(arylene ether)s,** *
polycarbonates** and polyarylates.*® Moreover, polymers derived from non-
symmetrically substituted bisphenols have generally higher permselectivity than the
polymers derived from unsubstituted or symmetrically substituted bisphenols. The
substitution of polar groups like nitro, bromo, in combination with non-symmetric

substitution on bisphenol increases permselectivity upto six times while decreasing
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permeability by half the value than unsubstituted one.*® There are very few reports on
permeability of long alkyl chain containing polysulfones.*’ Therefore, it was
interesting to study effect of pendent pentadecyl chains on the permeation behavior of
polysulfone. As a consequence, polyether sulfone containing pendent pentadecyl
chains was evaluated for the gas permeation analysis.

7.4.6.2 Preparation of dense membrane for gas permeation

A 3-5 % (w/v) solution of PES in chloroform was prepared, filtered through Sy ss-
filter and poured onto a flat bottom glass plate. Chloroform was evaporated under dry
conditions at ambient temperature. The formed film was peeled off and kept in a
vacuum oven at 50 °C for seven days.

The permeability measurement using pure gases (He, H,, N, and CO;) was carried
out by standard variable volume method at upstream gas pressure of 20 atm and at
35+0.1 °C; while maintaining the permeate side at the atmospheric pressure.”®
Membrane samples (5 cm in diameter) after removing from the vacuum oven were
immediately mounted in the permeation cell. The gas permeability was calculated
using the following equation:

p_N-1 (1)
(P, —P2)

where, ‘P’, the permeability coefficient expressed in Barrer, ‘N’ is the steady-state
penetrant flux (cm*cm?2.sec), ‘p;” and ‘p,’ are the feed and permeate side pressures
(cm Hg), while ‘I’ is the membrane thickness (cm). The permeability measurements
were repeated with at least three different membrane samples prepared under identical
conditions and the data averaged. The dense membranes were prepared by solution
casting method. These films were used for pure gas permeability determination by
variable volume method at 35 °C + 0.1 °C and 10 Kg/cm? upstream pressure.

The permeation cell was opened and circular coupon (size ~50 mm) of
membrane was mounted into the permeation cell. The O-ring was kept on the top of
the membrane (vacuum grease was applied to the O-ring to ensure the leak-proof
assembly). The cell was fixed with inlet (connected to the gas cylinder and a pressure
gauge) and outlet tubing and tightened. Using the regulator knob and the inlet valve,
the pressure was adjusted in the cell while keeping the exhaust closed. Gas was
flushed through the outlet valve seven to eight times in the system to ensure the

removal of earlier gas to the maximum possible extent. The flow meter was attached
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to the permeate side through a flexible pipe. A desired pressure was applied to the

upstream side of the cell while outlet valves were kept closed. (Figure 7.18 and 7.19)

3
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Figure 7.18 Photograph of gas permeation unit

Presswre
Guage

To gas cylinder

—— To Flowmeter

Gas permeation cell

Thermostat —

Figure 7.19 Schematic diagram of gas permeation equipment

7.4.6.3 Gas permeability analysis
In the present study, poly(ether sulfone) containing biphenylene linkages and
pendent pentadecyl chains was used for the permeability measurements of four gases
viz., He, Hy, N2, and CO,. The permeability and permselectivity data is given in

Table 7.4 and 7.5, respectively.
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Table 7.4 Permeation? data of PES and BIPSF

o) (o]
I I
OO0 10000
Gas CysHas n n
PES BIPSF®
Pre 16.6 12.0
Py, 15.3 14.0
Py, 0.62 0.24
P
co: 15.0 5.6

a-Determined at 20 atm upstream pressure, expressed in Barrer (1 Barrer = 10-10
cm®(STP).cm/cm?.s.cmHg); b —data taken form ref.17
Table 7.5 Permselectivity® data of PES and BIPSF

(0]
T e " BIPSF® n
Pre /Py, 26.7 50.0
P, /Pa. 245 58.0
Peo, /P, 24.0 23.0
Peo, /Pu, 1.0 0.4

a-Determined at 20 atm upstream pressure, expressed in Barrer (1 Barrer = 10-10
cm®(STP).cm/cm®s.cmHg); b —data taken form ref.17

The gas permeation analysis of poly(ether sulfone) containing pendent
pentadecyl chains was compared with reference poly(ether sulfone) based on 4,4’-
biphenol (BIPSF) (Table 7.4 and 7.5). The permeation data showed that there was
increase in permeability for all gases. However, for small gases such as He and H; the
increment was marginal. For N, and CO; the gas permeability increased almost three
times than the reference polymer BIPSF. The increment in permeability can be
explained by increase in chain mobility by flexible pentadecyl chains. The significant
enhancement in case of Noand CO; can be attributed to their higher condensability in

polymer matrix. This was also reflected in the respective selectivities. It was observed

that, P, /P and P, /P were decreased as compared to the reference poly(ether
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sulfone) without pentadecyl chains while CO, based selectivities, PCOZ/PNZ and

Peo, /Py, Were increased significantly. This could be attributed to the internal

plasticization effect of pentadecyl chain.
7.5 Conclusions

1. A series of new poly(arylene ether)s containing biphenylene linkages in the
backbone and pendent pentadecyl chains were synthesized by
polycondensation of 3-pentadecyl biphenol with commercially available
activated aromatic dihalides.

2. Poly(arylene ether)s exhibited inherent viscosity in the range 0.50-0.81 dL/g
indicating formation of reasonably high molecular weight polymers.

3. The number average molecular weights (M) measured by GPC were in the
range 2.2-8.3 x 10* with polydispersity of 2.2.

4. The existence of constitutional isomerism in poly(arylene ether)s based on 3-
pentadecyl biphenol-a non-symmetric monomer- was evidenced from
detailed NMR spectroscopy studies.

5. Poly(arylene ether)s were soluble in common organic solvents such as
dichloromethane, chloroform and tetrahydrofuran. Tough, transparent and
flexible films could be cast from their chloroform solutions.

6. X-Ray diffraction analysis showed that the poly(arylene ether)s were
amorphous and a reflection in small angle region indicated layered packing of
pentadecyl chains

7. Tq values of the poly(arylene ether)s were in the range of 35-60 °C, the
lowering of the Ty could be attributed to the packing disruptive effect of
flexible pentadecyl chains.

8. Tio values of poly(arylene ether)s were in the range 410-455 °C, indicating
their good thermal stability.

9. The gas permeation study of poly(ether sulfone) containing pendent
pentadecyl chains exhibited moderate increase in permeability for helium and
hydrogen with lower permselectivity as compared to reference poly(ether
sulfone) based on 4,4’-biphenol. However, there was large increase in
permeability for carbon dioxide and nitrogen due to internal plasticization

effect of pentadecyl chains which led to higher CO, based selectivity.
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Chapter 8a Synthesis and Characterization of Cyanate Ester Based on...

8a.1 Introduction

Cyanate ester resins are an influential class of thermosettings which have
grown rapidly in the last four decades because of their properties such as good
mechanical strength, low dielectric constant, radar transparency and superior adhesive
properties. They dominate over other thermosets such as phenolic resins, epoxy
resins, bismaleimides, etc. due to lower curing temperatures and high thermal
stability. The important criterion that affects properties of polycyanurates is the
structure of the cyanate ester monomers and properties of polycyanurates could be
tuned with the proper selection of the monomers.**

The method used for synthesis of cyanate ester monomers was introduced by
Grigat and Putter® ® in 1967. With the application of the Grigat and Putter method, a
wide variety of cyanate ester monomers containing different moieties e.g. aliphatic,
cycloaliphatic, fluoroaliphatic, ether linkages, siloxane, sulfone, phosphine oxide,
phosphazene, biphenylene, triazole, pentadecyl chains, decahydronaphthalene,
perhydrocumyl cyclohexane, etc. have been synthesized till date.? ®*

The number of cyanate ester monomers reported in the literature with different
structural variations is too large to be catalogued here. Cyanate ester monomers
containing flexible linkages/ side chains are collected in Table 8.1. Polycyanurates
derived from cyanate ester monomers with such groups exhibit lower moisture
absorption and dielectric contant.> ** * On the other hand, the incorporation of
aliphatic/cycloaliphatic spacer in the cyanate ester monomer structure contributes to
lower crosslink density in polycyanurate network. The reduced crosslink density
offers enhanced impact strength to polycyanurates.” >

Table 8.1 List of selected cyanate ester monomers containing flexible groups

Sr. No. Cyanate ester monomer Reference

1 NCO—HZC—04<CF2>2»0~<CF2>ZO~<CF2>-O—CHZ—OCN 16
2

9 NCO—H2C—04<CF2>2—0—€€F2>»0—CH2—OCN 16
2

NCO—HZC—<CF2>7CH2—OCN
n
n=3,4,6,8,10

7,16

C,Fs

NCO-H,C—CF,—CF—CF,—CF,—CH,—OCN
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Sr. No. Cyanate ester monomer Reference
CF, CF,
5 Nco—T—(CHz}n—c—ocn n=6,9 17
CF,
6 co@—(cm%—@—om 18
CO—QN:HC—QO—R—O—@CH:NOOC
7 19
R= —(0H2-CH2-0}ECH2-CH2 o—
n=1,2
8 O / i \> 20
H;CO
R, = R, = H, -CH3, -OCH;
CH, CH,
CH, CH3
NCO@—O—(CH,CHﬂ)—@—OCN
11 n 23
n=1,23
NCO O OMe
12 24
MeO O OCN
N T ¢ ”
NCO OCN
NCO@—R@—OCN
14 26

Savitribai Phule Pune University 212 CSIR-National Chemical Laboratory




Chapter 8a Synthesis and Characterization of Cyanate Ester Based on...

Sr. No. Cyanate ester monomer Reference

o LT
OCN

15 O 27
OCN
H;C CH;3
16 NCO@—HchCHZQ—OCN 28
H,C CH,

NCO OCN
17 I ‘ I 29
CisH3q

CH,

CH,
| |
N s g s
3

CH,

In this work, new cyanate ester monomer viz.,, 4-cyanato-1-(4-
cyanatophenoxy)-2-pentadecylbenzene (HPPDPCN) containing pentadecyl chain and
ether linkage and synthesized. HPPDPCN was characterized by FT-IR, *H NMR and
3C NMR spectroscopy. The non-isothermal curing kinetics of HPPDPCN was
studied by DSC.

8a.2 Experimental
8a.2.1 Materials
4-(4-Hydroxyphenoxy)-3-pentadecylphenol (HPPDP) was synthesized as
described in Chapter 3. Acetone, acetic anhydride, triethylamine, sodium chloride,
sodium sulfate, sodium acetate, potassium hydroxide, celite and silica gel were
received from Merck, India. Cyanogen bromide was procured from SRL, India. The
solvents were of reagent grade quality and were used as received.
8a.2.2 Measurements
FT-IR spectra were recorded using a Perkin-Elmer Spectrum GX
spectrophotometer. The spectra were recorded by depositing samples as solvent-cast

thin films on sodium chloride cells.
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NMR spectra were recorded on 400 MHz spectrometer at resonance frequency
of 400 MHz for *H and 100 MHz for *C measurements using CDCl as a solvent.

DSC measurements were performed on TA Instrument (Q10) supported by TA
Universal Analysis software for data acquisition. The samples (5-7 mg) were taken in
aluminum pans and experiments were performed under a nitrogen flow of 50 mL /
min. The samples were subjected to a dynamic DSC scan at the heating rate of 10
°C/min. The enthalpy of curing (AH) was determined from the area under the
exothermic curve. The cure onset temperature (T,) was considered as intersect of
slope of baseline and tangent of curve leading to peak of transition.

8a.3 Synthesis of 4-cyanato-1-(4-cyanatophenoxy)-2-pentadecylbenzene

Into a 250 mL three-necked round bottom flask equipped with a magnetic
stirring bar, a pressure equalizing dropping funnel and a thermowell were added
cyanogen bromide (4.77 g, 0.05 mol) and 4-(4-hydroxyphenoxy)-3-pentadecylphenol
(6.28 g, 0.02 mol). The reactants were dissolved in acetone (100 mL). The solution of
freshly distilled triethylamine (stored over KOH) (6.0 mL, 0.05 mol) in acetone (10
mL) was added at —15 °C over a period of 30 minutes to the reaction mixture with a
constant stirring. After the completion of addition, the reaction mixture was stirred at
—15 °C for 3 h and then filtered through a sintered funnel. The residue was washed
with acetone (2 x 15 mL). The filtrate was concentrated under reduced pressure at
room temperature and then dissolved in dichloromethane (150 mL). The
dichloromethane solution was washed successively with 4% aqueous sodium chloride
solution (3 x 25 mL) and water (2 x 25 mL). The dichloromethane solution was dried
over sodium sulfate, filtered and concentrated on a rotary evaporator at room
temperature under reduced pressure to yield a colorless viscous liquid which was
purified by passing through a bed of silica gel. The product solidified on storing in the
refrigerator for 24 h.
Yield: 7.67 g (83 %).
MP: 30 °C.
IR (cm™): 2270 (triple bond stretching of —O-CN)
'H NMR: (200 MHz, CDCl3) & = 7.27 (d, 2H), 7.22 (d, 1H), 7.11 (dd, 1H), 6.96 (d,
2H), 6.92 (d, 1H), 2.61 (t, 2H), 1.54-1.60 (m, 2H), 1.25 (bs, 24H), 0.88 (t, 3H)
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3C NMR (50 MHz, CDCl3) & = 155.90, 152.09, 148.94, 148.06, 137.53, 121.01,
118.91, 117.28, 116.85, 114.00, 108.86, 31.88, 30.08, 29.64, 25.46, 29.27, 22.65,
14.009.

8a.4 Results and Discussion

8a.4.1 Synthesis of 4-cyanato-1-(4-cyanatophenoxy)-2-pentadecylbenzene

A new cyanate ester monomer Vviz; 4-cyanato-1-(4-cyanatophenoxy)-2-

pentadecylbenzene (HPPDPCN) containing pendent pentadecyl chain was
synthesized starting from 4-(4-hydroxyphenoxy)-3-pentadecylphenol (HPPDP)
(Scheme 8.1).

CNBr/ Et;N
HOQOOOH > NCOQOOOCN
Dry Acetone
CqsH34 -15°C C1sH3q
83 %
Scheme 8.1 Synthesis of HPPDPCN

The cyanation of HPPDP was carried out by following the protocol developed

by Grigat and Putter.” The reaction was carried out by addition of triethyl amine to a
mixture of HPPDP and cyanogen bromide in dry acetone as a solvent at -15 °C. The
reaction progressed with the precipitation of triethyl ammonium bromide salt. The
role of reaction temperature was very crucial as Von Braun reaction®® is reported to
compete with cyanate ester formation to produce diethylcyanamide; an unwanted by-
product.®
8a. 4.2 Structural characterization

The cyanate ester monomer was characterized by FT-IR, *H NMR and C

NMR spectroscopy. Figure 8.1 depicts FT-IR spectrum of HPPDPCN.
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Figure 8.1 FT-IR spectrum of HPPDPCN
FT-IR spectrum confirmed complete conversion of HPPDP into HPPDPCN as

band corresponding to —O-H stretching was absent. The characteristic triple bond
stretching of —OCN group was observed at 2270 cm™ along with a small notch. The
splitting could be attributed to dimer complex formation, but the exact mechanism
of it is not yet clear. For alkyl cyanates, the splitting has been reported to be due to a
Fermi resonance between 2270 cm™ stretching and the first overtone of C-O-C
asymmetric stretching mode.** * However, for aryl cyanates, the understanding of
splitting is less clear.
'H-NMR spectrum of HPPDPCN is shown in Figure 8.2.

Chlorqform-d
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95
93
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| |
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Figure 8.2 *H NMR spectrum (in CDCI;) of HPPDPCN
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Due to electron withdrawing effect of —-OCN group the protons ortho to -OCN
groups were found to be deshielded. The protons ortho to —OCN group of aromatic
ring without pentadecyl chain exhibited a doublet at 7.27 & ppm. The proton ortho to
pentadecyl chain appeared as a doublet at 7.22 & ppm while the proton para to
pentadecyl chain appeared as a doublet of doublet at 7.11 & ppm. The multiplet in the
range 6.91-6.97 & ppm could be assigned to three protons meta to —OCN groups. The
benzylic methylene protons appeared as a triplet at 2.61 6 ppm, the methylene protons
J to aromatic ring appeared as a multiplet in the range 1.56-1.60 & ppm. The other
methylene protons exhibited a multiplet over the range 1.20-1.30 6 ppm. The terminal
—CHg; showed a triplet at 0.88 & ppm.

Figure 8.3 represents “*C NMR spectrum of HPPDPCN.

Chlorqform-d

100 50
Figure 8.3 *°C NMR spectrum (in CDCls) of HPPDPCN

In *C NMR spectrum, the peak appeared at 108.86 & ppm corresponds to

I
150

cyanate carbon which confirmed the formation of cyanate ester. The aromatic carbons
(C5, C8) attached to ethereal oxygen appeared at 155.90, 152.09 & ppm, respectively.
The carbon attached to —OCN (C2, C11) appeared at 148.94, 148.06 & ppm,
respectively. The peak at 137.54 6 ppm is due to the quaternary carbon (C6) to which
pentadecyl chain is attached. The carbons of the aromatic ring substituted with
pentadecyl chain are shielded than that of carbons of aromatic ring without pentadecyl
chain. The benzylic carbon showed a peak at 31.88 & ppm and other methylene

carbons except adjacent to methyl carbon appeared in the range 30.08-29.27 6 ppm.
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The carbon adjacent to the methyl exhibited a peak at 22.65 6 ppm and terminal
methyl carbon appeared as peak at 14.09 & ppm.
8a.4.3 Non-isothermal cure kinetics
In order to design the processing conditions/parameters of newly synthesized
cyanate ester monomer, it was imperative to understand the cure kinetics. Figure 8.4

represents DSC curve of cyanate ester monomer (neat) under study.

1.5

1.0 4 NCOQOOOCN
0.5 5

0.0 -

-0.5

-1.0 -

Heat Flow (W/g)

-1.5

-2.0 -

-2.5

T T T T T T T
-100 100 200 300 400

o -

Temperature (°C)

Figure 8.4 DSC curve of HPPDPCN

DSC thermogram was not found to be perfectly mono-modal in nature and had
some inhomogeneity during initial phase of curing. As the apparent activation energy
of the overall reaction is obtained from averages of the various reaction steps, this
small inhomogeneity would not affect the overall kinetics of curing reaction to a large
extent. The onset temperature (T,), peak temperature (Tp) and final temperature (Ty)
of uncatalyzed curing reaction was obtained from DSC curve and the values are given
in Table 8.2. DSC curve showed an endotherm at 31 °C corresponding to melting
phenomenon. The melting point of HPPDPCN is lower than that of bisphenol A
dicyanate (BPACN, mp. 84 °C). The lowering of melting point could be attributed to
the presence of pendent pentadecyl chains along with flexible ether linkage in the
structure of HPPDPCN. This lower melting point helps in providing a wider

processing window of 219 °C.%
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Table 8.2 Cure characteristics and kinetic parameters of curing reaction of
HPPDPCN and BPACN

. o Kinetic
Processing Cure Characteristics
Cyanate . Parameters
T window
ester
(°C)  (ToTm) T, T, T AH Ea Ln A
Monomer .
(°C) (°C) (°C) (°C) (KJ/mol) (KJ/mol) (S7)
HPPDPCN 31 219 250 317 356 209 108.06 9.97
BPACN? 84 124 208 286 334 189 17480 33.17

Tm — Melting point, T, — Cure onset temperature, T, - Peak temperature, T;—Final cure
temperature, AH — Enthalpy of curing reaction, Ea — Activation energy, A — Arrhenius
frequency factor, a — data taken from ref. 34

The enthalpy (AH) of curing reaction for the monomer under present study was
found to be 209 KJ/mol. The curing of cyanate monomers is known to proceed with
an enthalpy of AH = - 105 KJ/mol per cyanate groups. For various dicyanates, AH has
been observed to be around 210 KJ/mol.** The curing of uncatalyzed cyanate ester
exhibits onset temperature (T,) at 250 °C. As per literature, if absolutely pure
monomer is heated, no curing reaction would take place. The curing of cyanate ester
monomers in the absence of added catalyst could be catalysed by hydrogen donating
impurities such as residual phenol, moisture, etc. Since the presence of such trace
impurities catalyzes the curing reaction (influencing thereby onset temperature T,),
the correlation of reactivity based on variation in structure of monomer becomes
difficult. For catalysed curing reaction, different catalysts such as transition metal
carboxylates, acetyl acetonates, carbonyls, phenols, adventitious water, etc., are
commonly employed > %%

The curing kinetics of cyanate ester resins®* has been well-known to obey a

classical n™ order kinetic model as:

da n

T k1 (1-(X) (1)
For non-isothermal reactions, the rate equation can be given by:

L=/ ) L )
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Where, a is fractional conversion at temperature T, ¢ is heating rate, E is
activation energy, A is Arrhenius frequency factor, R is gas constant, and n is the
order of reaction.

In the present study, Coats-Redfern equation®’ (eq. 3) was used to study cure kinetics
which can be represented as:
In{g(a)/T? }=In{( AR/@E)(1- 2RT/E)}- E/RT e (3)

Where, g(a)= [1-(1-0)*™]/(1-n); for n = 1, g(e ) = -In(1-a); R is the gas
constant.

To arrive at kinetic parameters, equation (3) was employed to calculate
fractional conversion ‘a’ using fractional enthalpy of curing reaction. The curve of
In{g(a)/T?} versus 1/T with the different predetermined values of order of reaction, n
=05, 1, 15, 2, 25 and 3, were plotted. The best linear fit indicated the order of
reaction ‘n’. For the present cyanate ester monomer under investigation, the best fit
was found to be for n = 1 for most of the conversion region. Figure 8.5 shows plots of

determination of order of reaction and curing parameters.

n=3

n=2.5

44 pn=2

In{g(c)/T?}

12 1n=0.5

-16

1UT

Figure 8.5 Determination of order of cyanate ester curing reaction by Coats-
Redfern equation

The curing parameters (activation energy and Arrhenius frequency factor)
were computed from slope and intercept of the plot with n = 1 and data is collected in
Table 8.2. The kinetics of uncatalysed curing reaction of cyanate ester is known to be
affected by hydrogen donating impurities such as residual phenol, moisture, etc.
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Therefore, a direct comparison of curing parameters viz., order of reaction and
activation energy of HPPDPCN and that of BPACN was not made.

8a.5 Conclusions

1. A new cyanate ester monomer viz; 4-cyanato-1-(4-cyanatophenoxy)-2-
pentadecylbenzene, containing ether linkage and pendent pentadecyl chain
was synthesized from 4-(4-hydroxyphenoxy)-3-pentadecylphenol by its
reaction with cyanogen bromide and was characterized by FT-IR, *H NMR,
3C NMR spectroscopy.

2. The lower melting point (31 °C) of HPPDPCN provided wider processing
window of 219 °C than that of BPACN monomer which has a processing
window of 124 °C.

3. The enthalpy and activation energy of curing reaction of HPPDPCN in
uncatalyzed mode was found to be -209 KJ/mol and 108.06 KJ/mol,

respectively.
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8b.1 Introduction
Bismaleimides (BMIs) are addition-type polyimides comprising thermally
curable monomer or oligomers and cured resins.*® As mentioned in Chapter 5,
aromatic polyimides have a wide range of applications in microelectronics, aerospace
and automobile industries due to their excellent thermal stability, mechanical strength

and chemical resistance.®*?

BMIs have ability to be fabricated with processing
conditions like epoxies without evolution of void forming volatiles which makes them
the resin of choice in aforementioned applications. Additionally, BMIs possess higher
stiffness as well as higher dimensional stability because of their higher crosslink
networks.*® 4

However, conventional BMI monomers with rigid and symmetrical structures
have melting temperatures higher than 150 °C. The higher melting points (>150 °C)
of BMIs result into narrow processing window, shorter gel time or shorter potlife of
the melt making their processing difficult. Moreover, poor solubility of BMIs in
common organic solvents and inherent brittleness of cured BMI resins remain the
other drawbacks. These set of drawbacks limit the widespread applications of BMI
resins to a greater extent.** “°

To surmount these difficulties, great efforts have been made to develop new
BMI monomers with improved solubility, lower melting points and enhanced facture
toughness in corresponding cured resins. The preferred approach has been synthesis
of new BMI monomers with flexible linkages/spacers.*’! The introduction of
flexible spacer decreases the interaction between two reactive end groups leading to
lowered melting points and improved solubility of BMI monomers. The lowering of
melting points offers sufficient temperature gap between melting and cure onset. It is
observed that introduction of aromatic ether linkages decrease T4, and enhance

toughness without compromising thermal stability. Barton et al®* >

reported synthesis
of BMIs with melting points lower than 100 °C and observed that the purity of BMI
monomer has marked effect on the thermal cure characteristics. In literature, there are
number of reports on BMI monomers containing flexible spacers such as alkylene,
oxyalkylene, ether, pendent alkyl groups, etc.”™ ** > Table 8.3 lists selected BMI

monomers containing flexible linkages and common BMIs with their melting points.
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Table 8.3 List of bismaleimide monomers containing flexible linkages

Melting Point

Sr. No. Bismaleimide o Ref.
W)
155-157 55
(o] (o]
1 QNOCHZO.@j 157-158 56
o) o 160-163(Purity: 57
95-99.3 %)
? ? 173-174 55
z oo
Y 4 176-178 58
(o] (o]
3 QN*@*O—CHZ—QCHZ%IOON;:] 130-132 (n_: 2) 49
S J 98-100 (n=4)
n=24
(o] (o]
| N—< >—O—CH—CH2—O—< >—N [ 53-54 (n=2)
4 E;i (CHy), E/\j 48-49 (n= 3) 49
" 46-47 (n= 4)
n=23,4
o (o]
CH, CH,
5 N‘—}—‘—f—“ O N ] 135 50
ﬁ? CHs CH3 ;\:'
o (o]
o o
CH,
6 N o~ Y~ )-° N ] 85 50, 59
Lo OO~
o o
(o] c (o]
F3
7 N o~/ =)o N 90 50
Lol
(o] (o]
(o] c (o]
Hs
8 ié"@°‘;’ °@";> 131 50
(o] (o]
[o] c c (o]
H, H,
o | O OTEO-00  w |«
[o] (o]
O R R O
| N CH, N | 210 (R = CH3)
10 162 (R = C,Hs) 60
O R R O

R = -CHj3, -C3Hs, -CH(CH3),

221(R= H(CHg)z)
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Sr. No. Bismaleimide I\/Ieltl(zl(g:)Pomt Ref.
o o
\ CieHas /
(o] (o]
(o] (o)
101-103 (n = 5)
. [éN—@—(CHﬁn‘@*N;] 138-142(n=6) | ¢,
3 d 75-78 (N =7)
he567.8 123-126 (n = 8)
o o
CF,
If‘éN—R—O—(I::(I)—O—R—Nﬁ
CFs 161 (R = CgHy)
o (o]
13 iBr 159 R = C4H2Br; 63
R= — —
Br
o o
F O F
EﬁNROCCCORNi;
F F
0 o 152 (R = C¢Hy)
14 Br 150 (R: CGHZBI'Z) 63
R= 4< >7 4< —
Br
o
R, Rz 9 145 (Ry= -H,
Qn{y°o{%~¢ R,=-H)
o) R, o R, o 119 (R]_:'CHg,
15 (A Ro=H) 64
Ry = -H, -CH3, -CH(CHj), 122(R4=CH(CHj3),
R, = -H, -CH,, Ro= 'CH3)
o R, o
\
i"@”iw@"p 170 (R1=R2=-CHjy)
16 ) R o 171 (_R1:-CH3, 65
R>=-CsHs)
Ri Ry = —CHyi —(_ ) 174 (R1,Rp=-CsHs)
R
\
| N
17 E/é | 88 66
o
? o
\ N{ H /
18 QO °<i§“/ 87 66
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Melting Point

°C) Ref.

Sr. No. Bismaleimide

° N
N

o
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The present work reports the synthesis of new BMI monomer viz., 4’-bis-(4-
maleimidophenoxy)-2-pentadecyl diphenyl ether (C15BMI), containing multiple ether
linkages and pendent pentadecyl chain. The multiple ether linkages and pendent
pentadecyl chain introduced in C15BMI were expected to offer lower melting point
and improved solubility in common organic solvents. C15BMI was synthesized from
CNSL-derived diamine viz., 4-(4-(4-(4-aminophenoxy)-2-
pentadecylphenoxy)phenoxy)aniline (APPPA) and was characterized by FT-IR, *H
NMR and *C NMR spectroscopy. The curing kinetics of C15BMI was studied by
DSC and thermal stability of cured resin was evaluated by TGA.

8b.2 Experimental
8b.2.1 Materials
4-(4-(4-(4-Aminophenoxy)-2-pentadecylphenoxy)phenoxy)aniline  (APPPA)
was synthesized as described in Chapter 3. 4,4’-Bis(maleimido)diphenylether
(ODABMI) was synthesized using reported procedure.®® Acetone, acetic anhydride,

sodium chloride, sodium sulfate, sodium acetate, potassium hydroxide, celite and
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silica gel were received from Merck, India. The solvents were of reagent grade quality
and were used as received.
8b.2.2 Measurements

FT-IR spectrum of C15BMI was recorded using a Perkin-Elmer Spectrum GX
spectrophotometer. The spectrum was recorded by depositing sample as solvent-cast
thin film on sodium chloride cells.

NMR spectra were recorded on a Bruker 200 MHz spectrometer at resonance
frequency of 200 MHz for *H and 50 MHz for **C measurements using CDCl; as a
solvent.

DSC analysis was performed on TA Instrument (Q10) supported by TA
Universal Analysis software for data acquisition. The samples (5-7 mg) were taken in
aluminum pans and experiments were performed under a nitrogen flow of 50 mL /
min. The samples were subjected to a dynamic DSC scan at the heating rate of 10
°C/min. The enthalpy of curing (AH) was determined from the area under the
exothermic curve. The cure onset temperature (T,) was considered as intersect of
slope of baseline and tangent of curve leading to peak of transition.

Thermogravimetric analysis was performed on Perkin-Elmer STA 6000
system at a heating rate of 10 °C / minute under nitrogen atmosphere. ~5 mg sample
was taken for analysis.

8b.3 Synthesis of 4, 4’-bis-(4-maleimidophenoxy)-2-pentadecyl diphenyl ether

Into a 100 mL two necked round bottom flask equipped with a magnetic
stirring bar, a nitrogen inlet and a reflux condenser were placed 4-(4-(4-(4-
aminophenoxy)-2-pentadecylphenoxy)phenoxy)aniline (2.0 g, 3.36 mmol), maleic
anhydride (0.70 g, 7.1 mmol) and acetone (25 mL). The reaction mixture was stirred
at room temperature for 4 h and then refluxed for 1 h. To the reaction mixture were
added acetic anhydride (10 mL) and sodium acetate (1.64 g, 20 mmol) and the
mixture was refluxed for 6 h. The reaction mixture was cooled to room temperature
and poured into water (100 mL). The solid obtained was washed with water (4 x 10
mL) and then with methanol (2 x 10 mL).The product was recrystallized from
methanol.

Yield: 1.60 g (63 %).
MP: 90 °C (by DSC)
IR (cm™): 1704 (C=0 stretching of imide ring), 1215 (-C-O-C- stretching)
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'H NMR (200 MHz, CDCls) & = 7.25-7.30 (m, 4H), 6.88-7.09 (m, 11 H), 6.86 (d, 4
H), 2.60 (t, 3 H), 1.59 (br. s., 3 H), 1.25 (br. s., 24 H), 0.88 (t, 6 H)

3C NMR (50 MHz, CDCls): & = 169.55, 157.64, 157.50, 154.46, 151.95, 150.97,
150.67, 136.28, 134.09, 127.55, 125.548, 121.62, 121.03, 120.59, 118.59, 118.05,
31.82, 30.08, 29.90, 29.60, 29.49, 29.33, 22.60, 14.05

8b.4 Results and Discussion
8b.4.1 Synthesis of 4, 4’-bis-(4-maleimidophenoxy)-2-pentadecyl diphenyl
ether
A new BMI monomer viz; 4, 4’-bis-(4-maleimidophenoxy)-2-pentadecyl
diphenyl ether (C15BMI), containing flexible ether linkages and pendent pentadecyl
chain was synthesized starting from 4-(4-(4-(4-aminophenoxy)-2-
pentadecylphenoxy)phenoxy)aniline (APPPA) (Scheme 8.2). The synthesis of the

Acetone / Reflux

starting diamine, APPPA has been discussed in Chapter 3.

Cis5H34
o 0 Acetone
Acetic anhydride
| HOOQOOOONH | Sodium acetate
OH C15H31 HO Reflux
o (o} 63 %

o o
OO0
o C15H3q o
Scheme 8.2 Synthesis of C15BMI

Searl’s® procedure was adopted for synthesis of C15BMI from the diamine
APPPA. Firstly, the diamine APPPA was treated with maleic anhydride to form
bismaleamic acid. The exothermic reaction proceeded with formation of precipitate of
bismaleamic acid. Next, the obtained bismaleamic acid was converted into C15BMI

by in situ cyclodehydration using acetic anhydride and sodium acetate.
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8b.4.2 Structural characterization
The chemical structure of bismaleimide was confirmed by FT-IR, *H NMR
and *C NMR spectroscopy. FT-IR spectrum (Figure 8.6) of BMI exhibited a strong
absorption band at 1707 cm™ which is characteristic of imide C=0 stretching.

g

2927
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Figure 8.6 FT-IR spectrum C15BMI

'H NMR spectrum of C15BMI is represented in Figure 8.7.
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Figure 8.7 'H NMR spectrum (in CDCl;) of C15BMI
The protons of imide ring appeared as two very close but distinct peaks at 6.86

and 6.86 6 ppm because of non-symmetry in the structure. The aromatic protons ortho
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to imide nitrogen (b, ) appeared as two separate doublets at 7.28 and 7.27 6 ppm. The
remaining aromatic protons (c-i) exhibited multiplet in the range 6.96-7.09 6 ppm.
The benzylic —CH, group showed a triplet at 2.60 & ppm, the —CH, group g to
aromatic ring appeared as a multiplet in the range 1.56-1.63 & ppm. The remaining —
CH. groups exhibited a multiplet in the range 1.23-1.27 6 ppm. The terminal —CHs
group showed a triplet at 0.88 & ppm.

Figure 8.8 represents **C NMR of spectrum of C15BMI
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Figure 8.8 >*C NMR spectrum (in CDCI5) of C15BMI

In 3C NMR spectrum, the olefinic carbons of imide rings appeared at 134.09 &
ppm while carbonyl carbons exhibited a peak at 169.55 6 ppm. The quaternary
aromatic carbon to which pentadecyl chain is attached displayed a peak at 136.28 6
ppm while quaternary carbons to which the imide ring is attached exhibited a peak at
125.48 & ppm. The aromatic carbons (17, 6, 16, 7, 13, 10) attached to ethereal
oxygens appeared at 157.64, 157.50, 154.46, 151.95, 150.97, 150.67 & ppm,
respectively. The pentadecyl chain carbons exhibited peaks in the aliphatic region.
The assignments of **C NMR were further confirmed by *C DEPT spectrum (Figure
8.9)
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Figure 8.9 *C DEPT spectrum (in CDCls) of C15BMI

8b.4.3 Solubility of bismaleimide
The solubility tests of C15BMI and that of reference BMI namely; 4,4’-
bis(maleimido)diphenylether (ODABMI) were carried out in different organic
solvents at 5 wt % concentration and results are summarized in Table 8.4
Table 8.4 Solubility data of C15BMI and ODABMI

BMI Structure

Chloroform
DCM
Acetone
THF
DMF
DMSO
NMP

(o] (o]
QN@OQO@OON> ++ ++ o+t 4+t 4+ ++
o] o

C15H31
o o
QNOOON> -- -- -- ++  ++ 4+ ++
(o) o
++ : Soluble at room temperature; -- : Insoluble at room temperature

C15BMI was found to be soluble in acetone, chloroform, dichloromethane,
THF, NMP, DMSO and DMF. ODABMI was soluble in THF, DMF, DMSO and
NMP and was insoluble in chloroform, dichloromethane and acetone. The improved
solubility of C15BMI in common organic solvents could be attributed to the presence

pentadecyl chain and multiple ether linkages.
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8b.4.4 Non-isothermal curing Kinetics

The presence of two electron withdrawing carbonyl groups adjacent to C=C
bond in BMIs, offers an ability to undergo homo or copolymerization. The
polymerization/ curing can be carried out thermally or by free radicals or anions to
form a three dimensional network with high cross-link density via addition reaction.
The curing reaction of BMI obeys autocatalytic first order kinetics. The literature
revealed that curing kinetics can be studied by different analytical techniques such as
IR, DSC, NMR, etc. In the present study, the curing kinetics of BMI was studied by
DSC. DSC thermogram of curing process of C15BMI is represented in Figure 8.10.
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Figure 8.10 DSC curing thermogram of C15BMI

In the DSC thermogram, a sharp endothermic peak at 90 °C corresponds to the
melting point followed by a curing exotherm with maximum at 342 °C and heat of
polymerization (AH) of 117 KJ/mol. As can be observed from data in Table 8.5, due
to comparatively lower melting point of C15BMI a larger processing window of 170
°C (temperature interval between melting and curing) was observed than that of
ODABMI (processing window of 42 °C).The curing of various BMI monomers has
been reported to proceed with enthalpy in the range of 50-140 KJ/mol and AH (117
KJ/mol) value of the C15BMI falls in this range of that reported for the other BMI
monomers.>® 52538971 The cyring characteristics C15BMI and that of ODABMI are

collected in Table 8.5.
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Table 8.5 Cure characteristics of C15BMI and ODABMI

T Processing Cure Characteristics
" window To Tp T AH

BMI Monomer °C)
(To-Tm)(°C)  (°C)  (°C)  (°C)  (KJI/mol)

[0} [0}
i\is Ve YaaY, :'; 90 170 280 342 398 117

CysH3q

C15BMI

o [0}
Q‘O°@ ";> 183 42 225 282 340 73
o} o

ODABMI*

Tm— Melting point, T, — Cure onset temperature, T, — Peak temperature, Tt —Final cure temperature,
a- data taken from from reference®

For non-isothermal reactions, the rate equation can be given by equation 2:

d_“:(A/(p)e-E/RT 1™ 2

dT
Where, a is fractional conversion at temperature T, ¢ is heating rate, E is activation
energy, A is Arrhenius frequency factor, R is gas constant, and n is the order of
reaction.

In the present study, Coats-Redfern equation (equation 3) was applied to
compute activation energy.

F=In{(AR/@E)(1-2RT/E)}-E/RT ... (3)
Where, g(a)= [1-(1-a)'™]/(1-n); for n = 1, g(a ) = -In(1-a); R is the gas constant.

For calculation of kinetic parameters, equation 1 was used to calculate
fractional conversion ‘o’ using fractional enthalpy of curing reaction. The plots of
In{g(a)/T?} versus 1/T with assuming order of reaction as n = 0.5, 1, 1.5, 2, 2.5 and
3, were plotted (Figure 8.11) as per the Coats-Redfern equation and the best fit

provided the order of reaction ‘n’.
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Figure 8.11 Coats-Redfern plots for determination of order of C15BMI curing
reaction
Table 8.6 Kinetic parameters of curing reaction of C15BMI and ODABMI

BMI Monomer Ea (KJ/mol) LnA (Sh
[o] (o)
O QOO 1532 194
C15BMI

(o) (o]
Lo
(o] (o]

ODABMI?

Ea — Energy of activation, A— Arrhenius frequency factor, and a- data taken from reference 38

The curing kinetic parameters (activation energy and Arrhenius frequency
factor) were computed from slope and intersect of the plot with best fitting value of
‘n’. For C15BMI, the best fit was observed for n = 1. The curing kinetic parameters of
C15BMI and those of ODABMI taken from literature® are tabulated in Table 8.6.
The activation energy in case of curing of C15 BMI (75.32 KJ/mol) was observed to
be lower than that of ODABMI (110 KJ/mol). As the activation energy of BMI curing

has been reported to be sensitive to nature and concentration of the impurities present,
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no efforts were made to establish correlation between structure and curing
characteristics and kinetic parameters.
8b.4.5 Thermal properties
The thermal stability of cured BMI was evaluated by TGA at heating rate of

10 °C/minute under nitrogen atmosphere (Figure 8.12).

100
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Figure 8.12 TG curve of cured C15BMI
Cured C15BMI showed 10 % decomposition temperature (T1p) at 430 °C and
char yield at 800 °C was 15 % indicating its good thermal stability. However, thermal
stability of cured C15BMI was lower than that of cured ODABMI for which
reported® value of Tig is 485 °C. The decreased thermal stability of cured C15BMI
could be attributed to the presence of thermally labile aliphatic pentadecyl chain as
well as increased distance between two succinimide rings due to the additional ether
linkages.

8b.5 Conclusions

1. A new bismaleimide monomer viz; C15BMI, containing flexible ether
linkages and pendent pentadecyl chain was synthesized by the ring-opening
addition reaction of the diamine with maleic anhydride followed by
cyclodehydration of N,N-bismaleamic acid using acetic anhydride and sodium
acetate and its structure was confirmed by IR, 'H NMR, *C NMR
spectroscopy.
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2. 4, 4’-Bis-(4-maleimidophenoxy)-2-pentadecyl diphenyl ether exhibited
excellent solubility in common organic solvents such as, chloroform,
dichloromethane and THF.

3. Activation energy for cuing of 4, 4’-bis-(4-maleimidophenoxy)-2-pentadecyl
diphenyl ether as determined in non-isothermal curing mode using Coats-
Redfern method was found to be 75.32 KJ/mol.

4. The cured BMI resin showed Ty, value of 430 °C indicating its good thermal

stability.
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8c.1 Introduction
In 1938, Peirre Castern introduced epoxy resins and since late 1940s, they
have been exploited in diverse industrial applications such as adhesives, advanced
composite matrices, protective coatings, electrical laminates and packaging
materials.”>"* The epoxy resins have unique features such as combination of good
thermal and dimensional stability, high tensile strength and modulus, excellent
chemical and corrosion resistance, and also they are easy to handle and process.”>"”
Till date, a variety of epoxy resins have been commercialized depending upon the end
use applications. An important criterion that governs the properties of cured epoxy
resins is its structure. Therefore, design and synthesis of new epoxies provides range
of structural variations and that basically permits structural modifications at molecular
level.®®
The diglycidyl ether of bisphenol A (DGEBA) is the most widely used epoxy
resin. The properties of DGEBA-based epoxies are acceptable, but there are health
and environmental concerns associated with of bisphenol A and also it is petroleum
derived. Therefore, there is a growing interest in both academic and industrial
laboratories for developing biobased epoxies as a substitute for the non-renewable
bisphenol A-based epoxies. Devid et al.®* have reviewed recent progress and
perspectives of utilization of biobased feedstocks for epoxies. Literature reports
synthesis of epoxies from polyphenols, tannins, lignin, cardanol, starch, sugars,
terpenes, terpenoids, rosin acids, vegetable oil, etc.2**® Some selected biobased
epoxies are listed in Table 8.7. Moreover, hardeners required for epoxy network
formulations such as amines and anhydrides could also be obtained from biobased
building blocks.®> 9 % An industrial scale process for epichlorohydrin based on bio-
100, 101

derived glycerol is available.

Table 8.7 List of selected bio-based epoxies

Sr. No. Epoxy monomer Precursor | Reference

1 N N N CNSL 89
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Sr. No. Epoxy monomer Precursor | Reference
o) (o)
2 Sugars 90, 91
3 o o@o Lignin 92
o
Ve
U 2
4 o) 93
o o O o Resorcinol
—b
o) o
{ N,
5 o o O o) 94
O Catechin
OH
o
o O/\%7
6 Ry Rs Gallic acid 95
R,
Ry, Ry, = -OH or —o%o
° (o)
7 o X 1 Vege_table 9%
oil
A
° (o)
o fo
8 0&\/ / o\ o Furans 97
o 0

In the present work, we discuss synthesis and characterization of a new epoxy

resin starting from 4-(4-hydroxyphenoxy)-3-pentadecylphenol (HPPDP) which is

bisphenol-derived from CNSL-a renewable resource material. The diglycidyl ether of

HPPDP is expected to have better impact strength and fracture toughness, low

moisture absorption and low dielectric constant.*® 1%
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8c.2 Experimental
8c.2.1 Materials
4-(4-Hydroxyphenoxy)-3-pentadecylphenol (HPPDP) was synthesized as
described in Chapter 3. Potassium hydroxide, sodium chloride, sodium sulfate, celite
and silica gel were received from Merck, India. Epichlorohydrin was procured from
Loba Chemie Pvt Ltd., India. Phenolphthalein was purchased from S. D. Fine-Chem
Ltd, India. The solvents were of reagent grade quality and were used as received.
8c.2.2 Measurements
FT-IR spectrum of diglycidyl ether of HPPDP was recorded using a Perkin-
Elmer Spectrum GX spectrophotometer. The spectra were recorded by depositing
samples as solvent-cast thin films on sodium chloride cells.
NMR spectrum of diglycidyl ether of HPPDP was recorded on a Bruker 200
MHz spectrometer at resonance frequency of 200 MHz for *H and 50 MHz for *C
measurements using CDCl; as a solvent.
8c.3 Synthesis of diglycidyl ether of HPPDP
Into a 250 mL three necked round bottom flask equipped with an overhead
stirrer, a reflux condenser and a thermometer were added HPPDP (5 g, 0.012 mol),
epichlorohydrin (9.4 mL) and water (0.1 mL). To the reaction mixture NaOH pellets
(0.96 g, 0.024 mol) were added in portions. The first portion of NaOH (0.48 g) was
added at room temperature and reaction mixture was heated to 90 °C. When reaction
temperature reached to 90 °C, another portion (0.48 g) of NaOH was added slowly, so
that temperature of reaction mixture does not exceed 100 °C. After the completion of
addition, the reaction mixture was heated at 90 °C for 30 minutes. Excess of
epichlorohydrin was distilled out under reduced pressure. To the residue was added
toluene (10 mL) and the precipitated salt was separated by filtration. Toluene was
distilled off under vacuum to obtain a viscous liquid which was purified by column
chromatography using dichloromethane as an eluent.
Yield: 5.5 g (87 %)
IR (cm™): 911 (oxirane ring deformation)
'H NMR (200 MHz, CDCl3) 5 = 6.81 - 6.88 (m, 5 H), 6.76 - 6.78 (m, 1 H), 6.68 (dd, 1
H), 4.14 - 4.23 (m, 2 H), 3.84-4.0 (m, 2 H), 3.34 (ddd, J = 2.9, 3.9, 5.7 Hz, 2 H), 2.89
(dt, J = 2.0, 4.5 Hz, 2 H), 2.75 (td, J = 2.7, 5.1 Hz, 2 H), 2.55 (t, 2 H), 1.63 - 1.49 (m,
2 H), 1.25 (br. s., 24 H), 0.88 (t, 3 H)
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BCNMR (50 MHz, CDCl3) & = 154.48, 153.57, 152.73, 148.78, 135.61, 120.32,
117.97, 116.55, 11552, 112.41, 50.08, 44.52, 31.82, 30.14, 29.93, 29.59, 29.59,
29.33, 22.59, 14.03.

8c.4 Results and Discussion

8c.4.1 Synthesis of diglycidyl ether of 4-(4-hydroxyphenoxy)-3-

pentadecylphenol

A new epoxy resin containing flexible ether linkage and pendent pentadecyl
chain was synthesized by a conventional one step method by reaction of 4-(4-
hydroxyphenoxy)-3-pentadecylphenol with epichlorohydrin as shown in Scheme 8.3.
o)

oo ron + oran

CisH3q

NaOH
Reflux

87 %

o) o)
A—CHZ—OQOOO—CHZ—A
C15H34
Scheme 8.3 Synthesis of diglycidyl ether of 4-(4-hydroxyphenoxy)-3-
pentadecylphenol
8c.4.2 Structural characterization
The diglycidyl ether of 4-(4-hydroxyphenoxy)-3-pentadecylphenol was

characterized by FTIR, *H NMR and **C NMR spectroscopy. FT-IR spectrum of
diglycidyl ether of 4-(4-hydroxyphenoxy)-3-pentadecylphenol is represented in
Figure 8.13. The absorption peak at 911 cm™ is due to the oxirane ring deformation.
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Figure 8.13 FT-IR spectrum of diglycidyl ether of 4-(4-hydroxyphenoxy)-3-

pentadecylphenol

Figure 8.14 depicts "H NMR spectrum diglycidyl ether of 4-(4-hydroxyphenoxy)-

3-pentadecylphenol
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Figure 8.14 'H NMR spectrum (in CDCls;) of diglycidyl ether of 4-(4-

hydroxyphenoxy)-3-pentadecylphenol

In 'H NMR spectrum, the four aromatic protons of aromatic ring without

pentadecyl chain and a proton meta to pentadecyl chain exhibited multiplet in the
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region 6.80-6.88 6 ppm. The proton ortho to pentadecyl chain appeared as a doublet at
6.75 & ppm while proton para to pentadecyl chain appeared as doublet of doublet at
6.68 6 ppm. The methylene group adjacent to ether linkage exhibited a multiplet in
the region 3.91-4.21 § ppm. The octet at 3.34 3 ppm is due to methine protons of
oxirane ring. The methylene group of oxirane ring appeared as a multiplet in the range
2.72-2.92 & ppm. The remaining up-field peaks are assigned to protons of pentadecyl
chains and the assignments are made in the spectrum.

3C NMR spectrum diglycidyl ether of HPPDP along with assignments is

represented in Figure 8.15.
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Figure 8.15 *C NMR spectrum (in CDCls) of diglycidyl ether of HPPDP

The aromatic carbons attached to epoxide groups (13, 4) showed the peaks at
154.48 and 153.57 & ppm, respectively. The aromatic carbons attached to ethereal
oxygen (10, 7) appeared at 152.73 and 148.78 6 ppm, respectively. The quaternary
carbon to which pentadecyl chain is attached exhibited peak at 135.91 & ppm. The
signals at 120.32, 166.55 and 112.41 6 ppm could be assigned to carbons of
pentadecyl substituted aromatic ring (6, 9 and 5), respectively. The two strong peaks
at 117.79 and 115.92 are due to carbons of aromatic ring without pentadecyl chain
which are meta and ortho to the epoxy group, respectively. The two signal appeared at
69.26 and 69.05 & ppm could be assigned to methylene carbons (labeled as 3) of

epoxide group. The signal corresponding to methine carbon of oxirane ring appeared
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at 50.05 & ppm which also confirmed by DEPT spectrum (Figure 8.16) as it appeared
in negative phase. The methylene proton of oxirane ring appeared at 44.52 & ppm. The

remaining carbons appeared in aliphatic region could be attributed to pentadecyl
chain.

69.22
69.02
44.52
—29.5¢
29.32

#———
\
-4
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f [30 14
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Figure 8.16 *C DEPT NMR spectrum (in CDCls) of diglycidyl ether of HPPDP

8c.5 Conclusions

1. Diglycidyl ether of HPPDP containing pendent pentadecyl chain was
successfully synthesized from HPPDP-a bisphenol derived from CNSL by the

reaction with epichlorohydrin and was characterized by IR, *H NMR and **C
NMR spectroscopy.
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9.1 Summary and Conclusions

The chemical industry today is based on the conversion of fossil resource-
based raw materials into value-added products such as fuels, pharmaceuticals,
polymers, etc. However, progressive depletion of fossil resources has raised the
question of the sustainability and a number of approaches are being undertaken to
replace fossil resources with renewable bio-based chemicals. Biorefinery and
biotechnology are the emerging areas which can potentially provide the solutions for
the sustainable development of the chemical industry. A great deal of polymer science
research has also been devoted for replacement of fossil resource-based monomers
and polymers with bio-based monomers and polymers having similar or advantageous
properties.

The objective of the present dissertation was to explore the utility of CNSL- a
by-product of agricultural-based cashew processing industry-as a starting material for
the design and synthesis of difunctional step-growth monomers. Another goal was to
prepare high performance/ thermally stable polymers viz., polyesters, polyimides,
poly(arylene ether)s, polyhydrazides and poly(1,3,4-oxadiazole)s containing pendent
flexible pentadecyl chains and/or flexible ether linkages and to investigate the effect
of incorporation of pentadecyl chains and/or ether linkages on their solubility
behavior as well as thermal properties. Further, cyanate ester, bismaleimide and epoxy
resin containing pentadecyl chain were synthesized in order to study their curing
characteristics.

The present work has resulted into synthesis of ten new difunctional
monomers containing pendent pentadecyl chain making use of 3-pentadecyl phenol as
a starting material which in turn is obtained from CNSL, viz;

1. 4-(4-Formylphenoxy)-2-pentadecylbenzaldehyde

2. 4-(4-Hydroxyphenoxy)-3-pentadecylphenol

3. 4-(4-(4-(4-Aminophenoxy)-2-pentadecylphenoxy)phenoxy)aniline

4. 4-(4-(4-(4-Carboxyphenoxy)-2-pentadecylphenoxy)phenoxy)benzoic acid

5. 4-(4-(4-(4-(Hydrazinocarbonyl)phenoxy)-2-
pentadecylphenoxy)phenoxy)benzohydrazide

6. 3-Pentadecyl 4,4' biphenol

7. 2, 2-Pentadecyl-[1,1'-biphenyl]-4,4'-diol

8. 4,4’-Dibromo 3-pentadecyl biphenyl

9. 3-Pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid and
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10. 3-Pentadecyl-[1,1'-biphenyl]-4,4'-dicarbohydrazide

The difunctional monomers were characterized by IR, *H NMR, and *C NMR
and mass spectroscopic techniques. The selected difunctional monomers were utilized
for the synthesis of high performance polymers such as polyesters, polyimides,
poly(arylene ether)s, polyhydrazides and poly(1,3,4-oxadiazole)s. The influence of
pendent pentadecyl chains and/or ether linkages on their solubility and thermal
properties was investigated. The thermosetting resins, viz.; cyanate ester,
bismaleimide, and epoxy resin containing pentadecyl chain were synthesized and the
influence of presence of pentadecyl chain on melting point and processing window of
these themoset systems was studied.

A series of aromatic (co)polyesters was synthesized from 4-(4-
hydroxyphenoxy)-3-pentadecylphenol (HPPDP) and commercially available aromatic
diacid chlorides by phase-transfer catalysed interfacial polycondensation. Also a
series of copolyesters was synthesized from a mixture of HPPDP and bisphenol A
(BPA) with terephthalic acid chloride. Inherent viscosities of (co)polyesters were in
the range 0.70-1.21 dL/g. (Co)polyesters were soluble in chloroform,
dichloromethane, pyridine and m-cresol at room temperature and could be cast into
tough, transparent and flexible films from chloroform solutions. X-Ray
diffractograms showed that polyesters containing pendent pentadecyl chains were
amorphous in nature. Temperatures of 10% weight loss (T1g) for (co)polyesters were
in the range 425-455 °C indicating their good thermal stability. A drop in glass
transition temperature (Tg) (27-202 °C) and storage modulus (E’) of (co)polyesters
was observed due to the presence of flexible pentadecyl chains which act as packing
disruptive groups.

A new diamine viz., 4-(4-(4-(4-aminophenoxy)-2-pentadecylphenoxy)
phenoxy)aniline was polycondensed with commercially available aromatic
dianhydrides namely 3,3°,4,4’-oxydiphthalic anhydride (ODPA), 4,4’-(hexafluoro
isopropylidene)diphthalic anhydride (6-FDA) and 3,3”,4,4’-biphenyl tetracarboxylic
dianhydride (BPDA) by one-step solution polycondensation in m-cresol to form a
series of polyetherimides containing pendent pentadecyl chains and multiple ether
linkages. Polyetherimides exhibited inherent viscosity (ninn) in the range 0.66-0.70
dL/g, indicating formation of reasonably high molecular weight polymers.
Polyetherimides were soluble in organic solvents such as chloroform,

dichloromethane, tetrahydrofuran, N,N-dimethylformamide, N,N-dimethylacetamide,
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N-methylpyrrolidone, pyridine, m-cresol and dimethyl sulfoxide. Polyetherimides
could be cast into tough, transparent and flexible films from chloroform solution. X-
Ray diffraction analysis showed that polyetherimides were amorphous and a
reflection in small angle region (26 = 3°) indicated layered packing of pentadecyl
chains. DSC study demonstrated lowering of T4 and which were in the range 113-131
°C. Ty values of polyetherimides were in the range 460-470 °C indicating their good
thermal stability. The incorporation of pendent pentadecyl chain and flexible ether
linkages increased the gap between Ty and Ty of polyetherimides and thus offered a
wider processing window.

Polyhydrazides were synthesized by polycondensation of  4-(4-(4-(4-
(hydrazinocarbonyl)phenoxy)-2-pentadecylphenoxy)phenoxy)benzohydrazide
(HPPPB) with aromatic diacid chlorides and were subsequently cyclized using POClI;
to the corresponding poly(1,3,4-oxadiazole)s. Polyhydrazides and poly(1,3,4-
oxadiazole)s exhibited inherent viscosities in the range 0.65-0.72 dL/g and 0.54-0.62
dL/g. Polyhydrazides could be dissolved in polar aprotic solvents viz., N,N-
dimethylformamide, N,N-dimethylacetamide, pyridine, dimethyl sulfoxide and m-
cresol while poly(1,3,4-oxadiazole)s were soluble in solvents such as chloroform,
dichloromethane and tetrahydrofuran. The amorphous nature of the polymers was
revealed by X-ray diffraction studies. The formation of layered structure was
observed for both polyhydrazides and poly(1,3,4-oxadiazole)s because of ordered
packing of pentadecyl chains. The Ty, values for poly(1,3,4-oxadiazole)s were in the
range 425-440 °C indicating their good thermal stability. The lowering of Ty in
polyhydrazides (175-192 °C) and poly(1,3,4-oxadiazole)s (92-103 °C) could be
attributed to packing disruptive pendent pentadecyl chain and flexiblizing ether
linkages in the backbone. Poly(1,3,4-oxadiazole)s exhibited maximum UV-Vis
absorption in the range 304-337 nm whereas maximum of fluorescence emission was
in the range 380-394 nm in chloroform solution. The optical band (Ey) values for
poly(1,3,4-oxadiazole)s were found to be in the range 3.33-3.65 eV indicating their
potential application in opto-electronic devices.

3-Pentadecyl biphenol was polycondensed with commercially available
activated aromatic dihalides by nucleophilic aromatic substitution reaction to afford a
series of poly(arylene ether)s containing biphenylene linkages in the backbone and
pendent pentadecyl chains. ninn of poly(arylene ether)s were in the range 0.50-0.81
dL/g indicating formation of reasonably high molecular weight polymers. The number
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average molecular weights (M) measured by GPC were in the range 2.2 x 10*- 8.3 x
10* with polydispersity of 2.2. '"H NMR studies of poly(arylene ether)s indicated the
presence of constitutional isomerism which existed due to the non-symmetrical
structure of 3-pentadecyl biphenol. Poly(arylene ether)s were soluble in common
organic solvents such as dichloromethane, chloroform, and tetrahydrofuran. The
tough, transparent and flexible films could be cast from their chloroform solutions. X-
Ray diffraction patterns showed halos over the range 20 =15-25° and broad
reflections in the small-angle region at about 28 =~ 3° indicating amorphous nature and
layered pentadecyl chain packing, respectively. Poly(arylene ether)s exhibited Ty in
the range of 35-60 °C which are lower than that of reference poly(arylene ether)s
without pentadecyl chains. The lowering of Ty could be attributed to packing
disruptive effect of flexible pendent pentadecyl chains. Ty value of poly(arylene
ether)s were in the range of 410-455 °C, indicating their good thermal stability. The
gas permeation study of poly(ether sulfone) containing pendent pentadecyl chains
revealed moderate increase in permeability for helium, hydrogen and oxygen with
lower permselectivity as compared to reference poly(ether sulfone) based on 4,4’-
biphenol. However, there was large increase in permeability for carbon dioxide due
to plasticizing effect pentadecyl chains.

4-Cyanato-1-(4-cyanatophenoxy)-2-pentadecylbenzene (HPPDPCN),
containing ether linkages and pendent pentadecyl chain was synthesized from 4-(4-
hydroxyphenoxy)-3-pentadecylphenol and characterized by FT-IR, 'H NMR, *C
NMR spectroscopy. The melting point of the HPPDPCN was found to be 31 °C,
which is lower than that of bisphenol-A based cyanate ester (MP, 84 °C). Thus, the
lower melting point (31 °C) of HPPDPCN provided wider processing window of 219
°C than that of BPACN monomer which has a processing window of 124 °C. The
non-isothermal curing kinetics of HPPDPCN was studied by DSC and the activation
energy of uncatalyzed curing was found to be 108.06 KJ/mol.

4, 4’-Bis-(4-maleimidophenoxy)-2-pentadecyl diphenyl ether (C15BMI)
containing flexible ether linkages and pendent pentadecyl chain was synthesized by
the  ring-opening  addition reaction  of  4-(4-(4-(4-aminophenoxy)-2-
pentadecylphenoxy)phenoxy)aniline  with  maleic  anhydride followed by
cyclodehydration of N,N-bismaleamic acid using acetic anhydride and sodium
acetate. The structure of C15BMI was confirmed by IR, 'H NMR, ®*C NMR
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spectroscopy. The melting point of C15BMI was found to be 90 °C, which lower is
than that of 4,4’-bis(maleimido)diphenylether (ODABMI) (MP, 183 °C). 4, 4’-Bis-(4-
maleimidophenoxy)-2-pentadecyl diphenyl ether exhibited excellent solubility in
common organic solvents such as, chloroform, dichloromethane, and tetrahydrofuran
at room temperature. Activation energy for curing of C15BMl, as determined in non-
isothermal curing mode using Coats-Redfern method, was found to be 75.32 kJ/mol.
The cured BMI resin showed Ty value of 430 °C indicating its good thermal stability.

Diglycidyl ether of 4-(4-hydroxyphenoxy)-3-pentadecylphenol containing
pendent pentadecyl group was successfully synthesized from 4-(4-hydroxyphenoxy)-
3-pentadecylphenol by its reaction with epichlorohydrin and was characterized by IR,
'H NMR and * C NMR spectroscopy.

In summary, CNSL- a biobased renewable resource- was successfully
exploited for synthesis of a range of difunctional monomers. The structural features of
the synthesized monomers such as the presence of C15 alkyl chain, ether linkages,
and non-symmetrical structure have been found to reduce strong interchain
interactions and offer flexibility to the synthesized polymers, resulting in their
improved solubility and processability. Thus, processability / solubility of high
performance/ thermally stable polymers could be improved by the incorporation of
pendant pentadecyl chains as a packing disruptive group which also acts an additional
handle for interaction with solvents. The increased gap in values of Ty and Ty, offered
a large processing window to the polymers. Importantly, soluble high performance
polymers with reasonably high thermal stability are interesting candidates for
applications such as membranes, coatings, electronic devices, etc.

9.2 Perspectives
The work embodied in the thesis dealt with design and synthesis of new

difunctional monomers from CNSL for preparation of high performance polymers
with improved solubility/processability characteristics and has opened many new
avenues for future work.

e The thesis work has added the range of difunctional monomers derived from
CNSL which is a cheap, non-edible and abundantly available agricultural
waste product.

e The diacids viz., 3-pentadecyl-[1,1"-biphenyl]-4,4'-dicarboxylic acid and 4-(4-
(4-(4-carboxyphenoxy)-2-pentadecylphenoxy)phenoxy)benzoic acid can be
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converted into corresponding diisocyanates on azidation followed Curtius
rearrangement. These diisocyanate monomers could be potentially useful for
synthesis of polyimides, polyurethanes, etc.

e 3-Pentadecyl 4,4'-biphenyldicarboxaldehyde- a monomer for synthesis of
conjugated polyazomethines- can be synthesized by either formylation of 4,4’-
dibromo 3-pentadecyl biphenyl or reduction of 4,4’-dicyano 3-pentadecyl
biphenyl using diisobutylaluminium hydride (DIBAL-H).

e The monomers containing biphenyl linkage and pendent pentadecyl chain viz.,
4,4’-dibromo  3-pentadecyl biphenyl, 3-pentadecyl-[1,1'-biphenyl]-4,4'-
dicarboxylic acid and 3-pentadecyl-[1,1'-biphenyl]-4,4'-dicarbohydrazide have
potential to be utilized to synthesize conducting polymers such as
polyphenylenes, poly(1,3,4-oxadiazole)s, etc. The pentadecyl chain is
expected to grant solubility characteristics to the polymers enabling
fabrication of devices.

e High performance polymers synthesized in the present work exhibited wide
processing window and therefore it would be worthwhile to study melt
processability of these polymers.

e Polyetherimides have multiple ether linkages which would result into lower
dielectric constants and therefore evaluation of their dielectric properties
would be interesting.

e (Gas separation membranes made out of high performance polymers containing
pentadecyl chain are expected to interact with hydrocarbon gases and therefore
it would be interesting to study permeation characteristics of hydrocarbon
gases such as methane, ethane, etc.

e Poly(arylene ether)s and polyesters have lower T, therefore it would be
interesting to study their applications as ‘High Temperature Elastomers’

e The curing and evaluation of mechanical properties of the cyanate ester,
bismaleimide and epoxy resin would be of importance as these thermosetting
resins are expected to exhibit improved impact strength by virtue of the

presence of flexible pentadecyl chains.
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Synopsis of the Thesis Entitled

“Exploitation of Cashew Nut Shell Liquid as a Starting Material for the

Synthesis of Monomers Useful in the Preparation of Thermally Stable Polymers”

Introduction

The replacement of petroleum-based materials by renewable resource
materials is an interesting topic of research for academic and industrial scientists. The
approaches concerning development of bio-based polymers include utilization of
sugars, polysaccharides, vegetable oils, lignin, and furans.” ? These renewable
resources can be turned into viable macromolecular materials and could be potentially
useful candidates for the replacement of both thermoplastics and thermosetting
materials.

Among vegetable oils (oleochemicals), cashew nut shell liquid (CNSL) is one
of the major sources of naturally occurring phenols. CNSL is a non-edible oil and is a
by-product of the cashew nut processing industry.®* * CNSL occurs in the soft
honeycomb of the shell of the cashew and is a greenish-brown colored liquid. Cashew
tree (Anacardium accidentale Linn), has origin from Brazil and is now being grown
extensively in India, Bangladesh, Tanzania, Kenya, Mozambique, tropical regions of
Africa, and South-East and Far-East Asia.’

CNSL can be regarded as a versatile and valuable raw material for wide
applications in the form of brake linings, surface coatings, paints, and varnishes as

6-8 It

well as in polymer production. is used in the preparation of many speciality

materials such as phenalkamine cross-linking agents,” *°

liquid crystalline
polyesters,** cross-linkable polyphenols,*? polyurethanes® and a range of other
speciality polymers and additives.

The important features of CNSL as a starting material are the following:
inexpensive, abundant availability and chemically reactive nature.** *> The materials /
products based on CNSL exhibit flexibility due to the presence of long hydrocarbon /
alkenyl chain resulting in improved processing characteristics of the polymers. In
spite of extensive literature reported on utilization CNSL, many areas remain which
are yet to utilize this attractive raw material. There are only a few reports describing
CNSL as a starting material for synthesis of difunctional monomers useful in the
preparation of step-growth polymers.* Therefore, design and synthesis of difunctional

condensation monomers starting from CNSL is an attractive proposition.
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High performance / high temperature polymers such as polyesters, polyimides,
poly(1,3,4-oxadiazole)s, poly(arylene ether)s, etc. exhibit unique combination of
properties such as high thermal stability, high mechanical properties and excellent
chemical resistance.® * These polymers find applications in aviation, automobile,
electronic industries, etc. However, the poor solubility in common organic solvents,
coupled with high melting (Tm) and glass transition temperature (Tg) results in poor
processability which results from the presence of rigid backbone and strong interchain
interactions from symmetrical and polar groups. To surmount this, it is desirable to
incorporate structural features either in the backbone or as pendent groups to these
polymers which will impart greater flexibility and consequently improved solubility
and processing characteristics without compromising their attractive characteristics.

Solubility / processability of these polymers may be improved by (i)
introducing flexible linkages in the polymer backbone; (ii) introducing monomer with
crank shaft or bent units along the backbone or (iii) the use of bulky side groups or
flexible side chains.®*** These approaches work by forcing the chains apart and lend
to the improved solubility and better processability.

For achieving the objective of processability, design and synthesis of
difunctional monomers with features that disturb chain packing and structural
regularity in polymer backbone is desirable. The present work involves utilization of
3-pentadecyl phenol as a starting material which in turn is obtained from CNSL- a
renewable resource material. The monomers were designed in a such way that they
possess one or more of the structural features such as: i) presence of flexible ether
linkage, ii) non-symmetry in the structure and iii) the naturally gifted pendent
pentadecyl chain.?

Objective of the Present Thesis

The overall objective of the present thesis is to design and synthesize a series
of difunctional monomers using CNSL as a starting material and utilization of these
monomers for synthesis of high performance/ thermally stable polymers.

Towards this end, a series of difunctional monomers, viz, aromatic diamines,
diacid, diphenol, dialdehyde, diacylhydrazide, dibromide and dinitrile containing
pendent flexible pentadecyl chain was synthesized starting from CNSL.

Aromatic polyesters, polyimides, poly(1,3,4-oxadiazole)s, poly(arylene
ether)s, cyanate ester, bismaleimides and epoxy resins containing pendent pentadecyl

chains were synthesized based on the appropriate difunctional monomers based on
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CNSL. The effect of pendent pentadecyl chains on polymer properties such as
solubility and thermal properties was investigated.
Chapter 1: Introduction and Literature Survey

This chapter summarizes recent advances in field of polymers from renewable
resource materials with particular emphasis on monomers and polymers derived from
CNSL. A comprehensive review of the literature on high performance polymers, viz.,
aromatic polyesters, polyimides, poly(1,3,4-oxadiazole)s and poly(arylene ether)s
covering method of synthesis, structure property relationship, etc., is also presented.
Chapter 2: Scope and Objectives

This chapter describes scope and the objectives of the thesis work
Chapter 3: Synthesis and Characterization of Condensation Monomers Starting
from CNSL

This chapter describes synthesis of difunctional monomers containing pendent
pentadecyl chain, viz.,
1. 4-(4-Formylphenoxy)-2-pentadecylbenzaldehyde
2. 4-(4-Hydroxyphenoxy)-3-pentadecylphenol
3. 4-(4-(4-(4-Aminophenoxy)-2-pentadecylphenoxy)phenoxy)aniline
4. 4-(4-(4-(4-Carboxyphenoxy)-2-pentadecylphenoxy)phenoxy)benzoic acid
5.4-(4-(4-(4-(Hydrazinocarbonyl)phenoxy)-2-pentadecylphenoxy) phenoxy)
benzohydrazide
6. 3-Pentadecyl 4,4' biphenol
7. 2, 2-Pentadecyl-[1,1'-biphenyl]-4,4'-diol
8. 4,4’-Dibromo 3-pentadecyl biphenyl
9. 3-Pentadecyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid, and
10. 3-Pentadecyl-[1,1'-biphenyl]-4,4'-dicarbohydrazide

The difiunctional monomers and intermediates involved in their synthesis
were characterized by IR, *HMR, and *CNMR spectroscopy.
Chapter 4: Synthesis and Characterization of Polyesters Containing Ether
linkages and Pendent Pentadecyl Chains

This chapter describes synthesis of aromatic polyesters based on 4-(4-
hydroxyphenoxy)-3-pentadecylphenol with aromatic diacid chlorides, viz., isophthalic
acid chloride, terephthalic acid chloride and a mixture of isophthalic acid chloride and
terephthalic acid chloride and also synthesis of copolyesters from varying

composition of 4-(4-hydroxyphenoxy)-3-pentadecylphenol and bisphenol-A with
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terephthalic acid chloride. (Co)polyester were characterized by inherent viscosity
measurements, molecular weight measurements, solubility tests, FT-IR, *H NMR and
13C NMR spectroscopy, X-ray diffraction studies, thermogravimetric analysis, DSC
and dynamic mechanical analysis.
Chapter 5: Synthesis and Characterization of Polyimides Containing Multiple
Ether Linkages and Pendent Pentadecyl Chains

This chapter describes synthesis of polyimides based on 4-(4-(4-(4-
aminophenoxy)-2-pentadecylphenoxy)phenoxy)aniline with commercially available
aromatic dianhydrides, viz.,, 4,4’-oxydiphthalic anhydride (ODPA), 44’-
(hexafluroisopropylidene) diphthalic ~ anhydride (6-FDA), and 4.4-
biphenyltetracarboxylic dianhydride (BPDA) by one step polycondensation in m-
cresol. Polyimides were characterized by inherent viscosity measurements, molecular
weight measurements, solubility tests, FT-IR, *H NMR and **C NMR spectroscopy,
X-ray diffraction studies, thermogravimetric analysis and DSC.
Chapter 6: Synthesis and Characterization of Polyhydrazides and Poly(1,3,4-
oxadiazole)s Containing Multiple Ether Linkages and Pendent Pentadecyl
Chains

This chapter deals with synthesis of polyhydrazides and poly(1,3,4-
oxadiazole)s based on 4-(4-(4-(4-(hydrazinocarbonyl)phenoxy)-2-
pentadecylphenoxy)phenoxy)benzohydrazide and aromatic diacid chlorides viz.,
isophthalic acid chloride, terephthalic acid chloride and a mixture of isophthalic acid
chloride and terephthalic acid chloride. Polyhydrazides were characterized by inherent
viscosity measurements, solubility tests, FT-IR, *H NMR and **C NMR spectroscopy,
X-ray diffraction studies, thermogravimetric analysis and DSC. Poly(1,3,4-
oxadiazole)s were characterized by inherent viscosity measurements, molecular
weight measurements, solubility tests, IR, *H NMR and *C NMR spectroscopy, X-
ray diffraction studies, thermogravimetric analysis, DSC, UV-Visible and
fluorescence spectroscopy.
Chapter 7: Synthesis and Characterization of Poly(arylene ether)s Based on 3-
Pentadecyl 4,4' Biphenol

This chapter describes synthesis of poly(arylene ether)s based on 3-pentadecyl
4,4 biphenol and commercially available dihalide monomers, viz., 44’-
difluorobenzophenone, 1,3-bis(4—fluorobenzoyl)benzene and bis(4-

fluorophenyl)sulfone. Poly(arylene ether)s were characterized by inherent viscosity
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measurements, molecular weight measurements, solubility tests, FT-IR, *H NMR and
3C NMR spectroscopy, X-ray diffraction studies, thermogravimetric analysis and
DSC. Poly(ether sulfone) containing pendent pentadecyl chains was evaluated as
membranes for gas separation studies.
Chapter 8: Synthesis and Characterization of Thermostting Resins Containing
Pentadecyl Chains

This chapter is sub-divided into three parts:
a) Synthesis of cyanate ester based on 4-(4-hydroxyphenoxy)-3-pentadecylphenol by
reaction with cyanogen bromide.
The cyanate ester was characterized by FT-IR, *H NMR and **C NMR spectroscopy
and curing kinetics was studied by DSC.
b) Synthesis of bismaleimide based on  4-(4-(4-(4-aminophenoxy)-2-
pentadecylphenoxy)phenoxy)aniline by reaction with maleic anhydride. The
bismaleimide was characterized FT-IR, *H NMR and *C NMR spectroscopy and
curing kinetics was studied by DSC.
c) Synthesis of epoxy resin based on 4-(4-hydroxyphenoxy)-3-pentadecylphenol by
reaction with epichlorohydrin. The epoxy resin was characterized by measurement of
epoxy value, FT-IR, *H NMR and **C NMR spectroscopy.
Chapter 9: Summary and Conclusions

This chapter summarizes the results, salient conclusions and future prospect of

the work reported in this thesis.
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