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ABSTRACT

Phthalonitrile resins are unique high-temperature, high-performance thermosetting materials with
excellent properties, such as high thermal and thermo oxidative properties, flame resistance, low
water absorption and high glass-transition temperature. However, the major disadvantage of
phthalonitriles is high curing temperature and long curing times with a narrow processing window
which restrict its use in applications where void free product is one of the requirements,
particularly for durable applications such as aircrafts, adhesive and coating materials. Other
requirements of phthalonitrile resins are the ease of polymerization and processability. So the
perfect use of phthalonitrile resins is to understand and control the curing process and choose the
correct process conditions and parameters to obtain the desired properties.

The objective of the present work was to synthesize the imide containing bisphthalonitrile
monomers and investigate the curing kinetics and thermal behavior of bisphthalonitrile/aromatic
amine system. Thesis comprises of six chapters. In chapter 2, synthesis and characterization of
three 1mide containing phthalonitrile monomers prepared by reacting 4, 4'-
(hexafluoroisopropylidene) diphthalic anhydride (6FDA)/ 4, 4'-oxydiphthalic anhydride (ODPA)
/bisphenol-A dianhydride (BPADA) with 4-(4’-aminophenoxy) phthalonitrile is described. The
monomers have been designated as FIPN, ODPA-PN and Bis-ADPN respectively. All the
synthesized monomers were characterized by elemental analysis, FT-IR, "H-NMR and '*C-NMR
to confirm the structure of the monomers. The thermal characterization of monomers was done
using DSC and TGA to confirm the melting temperature and decomposition temperature,

respectively.



In chapter 3, the curing behavior of monomers in absence or presence of diamines (4, 4’-
diaminodiphenylsulfone (DDS) / 4, 4’-Oxydianilne (ODA)) was investigated using DSC at
heating rate 10 °C/min. DSC scans of neat monomer showed a melting endotherm and the
melting point was found to be dependent on the structure of monomer. No exotherm was
observed in the DSC scans of monomers. However, in the presence of 10 weight percent of
amine, endotherm (due to melting) and exotherm due to curing was observed in all the samples.
The effect of different wt% (2.5, 5, 10, and 20 wt. %) of ODA on the curing behavior of FIPN
monomer was studied by recording DSC traces from room temperature to 350 °C at a scanning
rate of 10 °C/min. in nitrogen atmosphere. The heat of curing reaction was maximum and the
curing temperature was lowest for FIPN monomer in the presence of 10 weight percent of ODA.
Therefore in curing kinetics studies, concentration of diamine was kept constant at 10 weight %.
The curing kinetics of synthesized bisphthalonitrile monomers having imide linkage using 10
weight % of 4, 4’-diaminodiphenylsulfone (DDS) /4, 4’-oxydianilne (ODA) as curing agent was
investigated by recording non-isothermal differential scanning calorimetric (DSC) scans at
heating rates of 5 °C, 10 °C, 15 °C and 20 °C/min. Activation energy for bisphthalonitrile/ DDS
and bispthalonitrile/ODA system was calculated using Starink and Kissinger—Akahira—Sunose
isoconversional method. Activation energy (E.) was found to be dependent on the structure of
monomer and curing agent. . E. was minimum in case of Bis-ADPN/DDS or Bis-ADPN/ODA.
An autocatalytic model for the phthalonitrile/diamine resin was confirmed and there was a good
agreement between the calculated experimental data.

Chapter 4 discusses the effect of isothermal curing of bisphthalonitrile resins in presence of 10
weight percent of diamines on the glass transition temperature and thermal stability. The

bisphthalonitrile/ amines composition was cured isothermally according to designed curing
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schedule for particular samples. The structural changes during the curing were analyzed using FT-
IR spectra. The glass transition temperature increased with increasing the curing temperature and
time. It was also found to be dependent on structure of monomer and diamine. Thermal stability
of phthalonitrile resins, cured isothermally was evaluated by recording thermo-gravimetric traces
in nitrogen atmosphere. The relative thermal stability of cured phthalonitrile resin was evaluated
by comparing the initial decomposition temperature (IDT), the temperature of maximum weight
loss (Tmax), the final decomposition temperature (FDT), decomposition temperature at 5,10,20 %
mass loss and % char yield at 800°C. Single step decomposition was observed in all the cured
samples. All the samples were stable upto 450 °C and a significant mass loss occurred beyond this
temperature. The Bis-ADPN, ODPA-PN, and FIPN cured with ODA had % char in the range of
62-64%. The Bis-ADPN, ODPA-PN, and FIPN cured with DDS had % char in the range of 60-62
%. The activation energy of decomposition was related to energy difference between transition
and initial state in TG traces.

In chapter 5, an amino containing phthalonitrile monomer (3-APN) was synthesized and
characterized (NMR, FT-IR and DSC) to prepare the carbon foam using chemical blowing agent
through direct carbonization. Morphological study of foam was done using SEM. Raman
spectroscopy and FT-IR monitored the structural changes during carbonization of foam. Thermal
characterization of foam was done by TGA. The EMI shielding effectiveness was measured in the
frequency range of 8.2-12.4 GHz (X- band frequency) and 12.4-18 GHz (Ku band frequency) to
investigate their potential as effective EMI shielding materials The EMI shielding of foam was
absorption dominant and the total EMI shielding effectiveness of carbonized foam [Carbonized at
800°C] was -19 dB in the X-band and -23 dB in the Ku band. Summary, conclusions and

suggestions for future work are given in chapter 6 of thesis.

Vii



R

AR IH IFT U o I yHd SR YAl sfaiiafed o, @ ufoRiy, &H S1a
3RO 3R Iod TANI-Hh AU dAMYAM & 1Y g I dqUHM, 3 UG YHifeT
Tt §, gTetifoh, TAHTICIRd BT U@ &Y S g dIIa 3R U A0l TRiapRul fael
& 1Y I THG dh TR BT THY ¢ Sl 3 IR § 39 SUTNT B Uiaied &l g STai
I Gad SdTE aadhdis § 9 T g, faRy &9 ¥ fedrs, Sy o 6 TR,
TSeftg 3R I gl & fow| Aeh-mrerzd IR B 3T SMaH ATy UIFRISSIRH 3R
TR & S €1 S9foy JaRIgsd oM &1 g START TR BT Ufchar &
AT 3R Fafd BT 3R Fifdd o1 U = & for et ufshar & RUfS SR eS|
&1 T FAT B

g Rad & &1 35T 3HRS gad faRdaesd AHmT & SRatd &Rl 3R
SRR/ Ate e Rred @ i erAfte iR uyHd waeR @t
ARSI FxT Tl iRk & ©8 e €1 31 a1 H, ¥, ¥'- @ RIRISHIIITSirs )
R TIeEgRS (& THIN )/ ¥, ¥- 3RS TergEs (@€ / fhid-u
SOERSRE @HUSY) B ¥- (¢ -TRHIbTRN) ddaeRd & Y Uiifhar e daR
fpu U 9 3HIES gad YAMICSd AR o1 AW 3R &f0T &1 quie forar g
AT &) A TH 313 U T, off S dt T-tiee iR f9u-ueifiea & =u & =i foran
T 31 guff T A o) TREA ) g R & o SR Y ufeded s,
THC-3TER, WeH TIIHAR 3R e TTIHAR & GRI dRaCZes (bl 11| AH
BT YT AL GUMH HHRT: TAID 3R SIHUINIRM IR DI YfY PR o oy Steaedt 3R
SISIIT BT I B fovarm |

3T 3 H, STMHRA (¥, ¥'- SRAFANSHHRAISe R (SISITd) / ¥, ¥'-3Hiags Ai-e
(311N &1 rfuiufd a1 Sufyfd # A & RYRT aeR Bl gaieTeH SITERd &1
ST g &R 20 fEI AfRw/fre & R W | e IR & SR W1 8§ 16
TaHie TS feEm T S8R TeHid AFER &1 Wa R AR g ) g %



SITHRR T | DI THnyH =g g1 | getifor, T I H 20 d¢ Uia=id 3T &1
SufUfT H, TSIud @A & HRUN R TR & HROT THRITYH <91 T 4Tl THIATSUEA
AR & R asR &R ST & fafid 3 ufawa Q.Y 4, 20, 3R R0 Je ufawm) &
TUTT BT T Qo TSI JqT/Me Bt [T &R W T o= ¥ 3uo {3 Sfcaw
I SITa Sy NP8 AEEIoH SCHIRBIR H b fhal 1| SIS & %o d¢ Ufa=rd &
SURURY H THHEHT AR 3 faifsean ot 7 siftrpam ot oiik wgfi qromm wad &4
7| ST RIRAT BT 3T & folU, S AT Bi Higdl Bl Qo d¢ Ufa=d W RRR
AT T UT| R Tole & U H |, ¥, ¥'- SRAMAISH RIS (Sielty) / ¥, ¥'-
HITRTSAFA (3MSY) b Qo d¢ U BT IUINT I SHSS feibel dTd Hxafd
fIRAHEICRT THTEE & R BleAfcad 3aReIIRM AM-SSaIyHd fShR™d W
HARMACD (STTHR) W BT gifeT &R (4 FEUT AT, 20 f&3h A, qu fouht Sfcaas
3R o f&Ift IfRTY/Mre) R Rere e & T3 ff TREHTeRd/Sey iR
Rl ey Ren & R @fpao o @RS AR RpRITR-s@ iR
3TSN-B RIS fAfY BT IUTNT TR FHeagaes HI Mg | bl SHoll B AFIR 3R
FRT Tole & a1 R R urn man S9-reiiiv/Seey a1 d9-usidia/sneit &
& T Ffepgur SHoil gAdH U7 AR d /318 & e Ue siiclefafed Alsd &t g
B TS 3R AT 3R URGTd TS Sl & oid T 35T JHSiT o7

T ¥ TACIRM-CRER 3R YHd Wfaferd IR AR (3o de Ufazma) &t Jufufa
fTRAICRd oM & SmEeiydd TR &1 UHE R T4 dxdl ¢l SRanaeRd/
AT & UfcRIeR WU & e fEwmgH fhtu T Ff egal & SIIER SEeiydd &g
forar T o1 SMESiyHe TR & SRM WIS URGdH! &1 fIRA0r T ¢1-3M33R
WaeT BT IUINT FRp a1 AT o1 R d9AE SR 99T & g & I1Y @RI -IRH
aEE § i g31 98 HFMR SR SEHH &t Wae R W R urn wan Agdem
grarerer § yrf-dfgifee O Rals e AEeiydd & ddHReRd IoH & ydd
faferct o1 geaie foar man ol




URIYS 3raee araqH, e dd goi dgaH, Sifad s{gged digaM, 4, o, Ro Ufd=Id dc
T IR 3R ¢oo & IR W UfeRd IR diee & a1 dRap SMewiidd &g
AAHTCTSd YoM &1 ATdef >Hd Riferet &1 geaid foar mar ot {uft &g oH J v
TROT e ol 17| ot Jued yuo ST AR & RR 9 3R 39 I0HH ¥ R Th
Rififtrdie de arg gan Sie I I g gU fog-usitigH, off €1 it U-ditH, 3fR U o118
0 7 T &:-8% Uf=d &1 a1 I gfazd IR o7 SISy & Y R gU Sug-TeidieT,
M-t ok THMEHTT 7 go-&3 Ufawa &) Far # ufdwd IR Tl 3geed &
TfepgdT SHoif ol o T HHUT 3R TRMNE a1 & s SHoll SR § Fafdd 2|

A 4 H, W BRI b H1H I JGAHD siiet] Toic Bl SUINT dRep Pl HiF
JIR B P forg 3 god hudifFerzd HRMR 3-THTEH) & Ixfd 3R FRacmes
(TTUHMR, THEI-3MER 3R STeaefh) foar mar o1l I WaeReIUT 3R THAT-3MEaR A
BIH & BIEHGORM $ GRIM IRAAAS TRAd! B 0T Bi | B HT YHd T qui
SIS gRT fham 11 STHSHTS URREOT THIGRITEAT ! YHT! STHSMTS URREU IRl & &4
T IP! & P ST B o [o18 ¢.R-23.% THECH (TH-68 3Maf) 3R ¢R.¥-3¢ e
(g &8 Mgy Bt gRy ¥ T AT 7T 7| HIF HT STASMS YRRE0T SA=IT0T FHTET T
3R FIEHES B [¢oo ST VIR R FIEgad] & Fd STHSMS TR guTaRfear
TH-98 # -9R Sleft 3R Fg o8 & 33 Sieft ft| ARy & oreamg & & ufowr & wraf & fow
R, fsp 3R g faw e g




Table of Contents

Page No.
Certificate i
Acknowledgements il
Abstract v
Table of Contents 1
List of Figures xiil
List of Tables X1X
List of Schemes xX1
List of Abbreviations and Symbols xxiil
CHAPTER 1 1-41
INTRODUCTION AND LITERATURE SURVEY 1
1.1 Introduction 1
1.1.1. Phenolic resins 2
1.1.2. Epoxy resin 4
1.1.3. Cyanate esters 5
1.1.4. Polyimides 6
1.1.5. High temperature polymers 8
(1) Phenylethynyl end group polymer 8
(11) Bismaleimides (BMI) 9
(111))  Bisnadimides 10
(iv)  Phthalonitrile end group polymer 11
1.1.6. Synthesis of thermally stable phthalonitrile 20
1.2 Motivation for the present work 28
1.3 Research objective 30

1.4 Plan of work 30



1.5 Format of thesis 31

1.6  Brief overview of chapters 31
References 34
CHAPTER 2 42-62
SYNTHESIS AND CHARACTERIZATION OF BISPHTHALONITRILE MONOMERS
2.1 Introduction 42
2.2 Experimental 43
2.2.1 Materials 43
2.2.2. Preparation of imide containing bisphthalonitrile monomer 43
2.2.3. Characterization Techniques 47
2.2.3.1. Nuclear Magnetic Resonance (NMR) 47
2.2.3.2. Fourier Transform Infra-Red (FT-IR) 48
2.2.3.3. Differential Scanning Calorimetry (DSC) 48
2.2.3.4. Thermogravimetric Analysis (TGA) 48
2.3 Results and Discussion 49
2.3.1.Synthesis and characterization of 4-(4-aminophenoxy) phthalonitrile 49
(APPH)
2.3.2. Synthesis and characterization of imide containing bisphthalonitrile 51
monomers
2.4  Conclusions 60
References 61
CHAPTER 3 63-101
CURING BEHAVIOR OF BISPHTHALONITRILE MONOMERS 63
3.1 Introduction 63
3.2 DSC theoretical analysis 64
3.3 Curing kinetics theory 65
3.4 Experimental 67

3.4.1. Preparation of monomers/aromatic diamine blends 68



3.5

3.6

3.4.2. Effect of amine concentration

Results and Discussion

3.5.1. Curing behavior of FIPN, ODPA-PN and Bis-ADPN
3.5.2. Non- isothermal DSC studies

3.5.3. Degree of conversion

3.5.4. Activation energy

3.5.5. Model fitting

3.4.6. Kissinger-Akahira-Sunose (KAS) method
Conclusions

References

CHAPTER 4

THERMAL STABILITY AND DECOMPOSITION KINETICS OF CURED
PHTHALONITRILE POLYMER

4.1
4.2

4.3

Introduction
Results and Discussion

4.2.1. Curing studies

4.2.2. Isothermal curing and casting of monomers/aromatic diamines mixture
4.2.3. Activation energy of decomposition

4.2.4. Moisture absorption

Conclusions

References

CHAPTER 5
PHTHALONITRILE BASED CARBON FOAM FOR EMI SHIELDING APPLICATION

5.1
5.2

53

Introduction
Experimental

5.2.1. Materials

5.2.2. Characterization
Results and Discussion

5.3.1. Synthesis of 3-aminophenoxy phthalonitrile

Xi

69
71
71
71
74

77
82
&9
98
99

102-129

102
103
103

105
124
126
127
128

130-157

130
133
133
133
134
134



5.3.2. Preparation of Phthalonitrile based carbon foam 137

5.3.3. SEM 139
5.3.4.WAXD 140
5.3.5. Raman spectroscopy 142
5.3.6. Electrical conductivity measurement 143
5.3.7. EMI shielding effectiveness of the APN-Based Carbon Foam 145
5.3.7.1. EMI SE response of APN Based Carbon Foam in X-band (8.2-12.4 147
GHz)
5.3.7.2. EMI SE response APN Based Carbon Foam in Ku-band (12.4-18 149
GHz)
5.3.7.3 Thermal stability of APN based carbon foam 150
5.4. Conclusions 152
References 153
CHAPTER 6 158-165
CONCLUSIONS AND FUTURE SCOPE 158
6.1 Introduction 158
6.2 Synthesis and characterization of bisphthalonitrile monomers 159
6.3 Curing behavior of bisphthalonitrile monomers 160
6.4 Thermal stability and decomposition kinetics of cured phthalonitriles 161
6.5 Phthalonitrile based carbon foam for EMI shielding application 162
6.6 Conclusions 164
6.7 Scope for the future work 165
Publications 166

Bio-data 167

xii



Figure

No.

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13

1.14
1.15
1.16
1.17
1.18
1.19
1.20
1.21

List of Figures

Titles

Resoles prepolymer preparation

Novolac prepolymer preparation

Epoxy resin preparation

Structure of cyanate ester

Synthesis of polyimide resin

Structure of substituted phenylethynyl end group
Preparation of bismaleimide resin

Synthesis of bisnadimide

General structure of phthalonitrile

Proposed structure of phthalonitrile after curing
Proposed curing reaction mechanism of phthalonitile/amines
Structure of 4,4'-bis(3,4-dicyanophenoxy)biphenyl (BPh)

Structure of 4, 4'-bis (3,4-dicyanophenoxy)biphenyl
(BPh) and aromatic diamines

Structure of BPh, 6FPh, BAPh, and m-APB.

Structure of fluorene based bisphthalonitrile

Structure of phthalonitrile oligomer

Structure of nitrile linkages containing oligomeric monomers
Synthesis of resorcinol based phthalonitrile polymer
Synthesis of oligomeric phthalonitrile polymer

Synthesis of naphthyl-based phthalonitrile polymer

Synthesis of imide containing phthalonitrile polymer

xiii

Page
No.

10
11
13
13
14
15

16
17
18
18
20
21
22
23



1.22
1.23
1.24
1.25
1.26
2.1

2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
3.1

3.2

3.3

3.4

3.5

3.6

Synthesis of imide containing phthalonitrile polymer

Synthesis of imide containing oligomeric phthalonitrile resin
Synthesis of TDPE [1-tris-[4-(3, 4-dicyanophenoxy) phenyl] ethane]
Synthesis of phthalimide-containing phthalonitrile (PIPN)

Synthesis of benzoxazine containing phthalonitrile resins

"H-NMR spectrum of APPH in DMSO-d6

FT-IR spectrum of APPH

"H-NMR spectrum of FIPN monomer

"H-NMR spectrum of ODPA-PN monomer

"H-NMR spectrum of ODPA-PN monomer

BC-NMR spectrum of FIPN monomer

BC-NMR spectrum of ODPA-PN monomer

BC-NMR spectrum of Bis-ADPN monomer

FT-IR spectra of (a) APPH, (b) Bis-ADPN, (c) FIPN, and (d) ODPA-PN
DSC scans of (a) Bis-ADPN, (b) ODPA-PN and (c) FIPN monomers

TG traces of (a) Bis-ADPN, (b) ODPA-PN and (c) FIPN monomers

DSC scans for bisphthalonitrile FIPN/ODA (2.5, 5, 10, and 20%) mixture
[heating rate 10°C/min] under nitrogen atmosphere

Dynamic DSC scans for bisphthalonitrile monomers/DDS (90/10) mixture
at varying heating rates under nitrogen atmosphere (a) Bis-ADPN, (b)
ODPA-PN and (c) FIPN

Dynamic DSC scans for bisphthalonitrile monomers/ODA (90/10) mixture
at varying heating rates under nitrogen atmosphere (a) Bis-ADPN, (b)
ODPA-PN and (c) FIPN

Plots of conversion (o) as a function of temperature for (a) Bis-
ADPN/DDS, (b) ODPA-PN/DDS and (c¢) FIPN/DDS blends

Plots of conversion (o) as a function of temperature for (a) Bis-
ADPN/ODA (b) ODPA-PN/ODA and (c) FIPN/ODA blends

Starink method plot at degree of conversion between 0.05 and 0.95 for (a)
Bis-ADPN/DDS (b) ODPA-PN/DDS and (c¢) FIPN/DDS

Xiv

76

71

78



3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

Starink method plot at degree of conversion between 0.05 and 0.95 for (a)
Bis-ADPN/ODA (b) ODPA-PN/ODA and (c) FIPN/ODA

Activation energy vs. degree of conversion for bisphthalonitrile: DDS
(90:10) mixture (Starink method)

Activation energy vs. degree of conversion for bisphthalonitrile: ODA
(90:10) mixture (Starink method)

Plots of In (da/dt) + Ea/RT vs. In (1-a) at different heating rates for (A)
Bis-ADPN/DDS, (B) FIPN/DDS and (C) ODPA-PN/DDS system (Starink
method)

Plots of In (da/dt) + Ea/RT vs. In (1-a) at different heating rates for (A)
Bis-ADPN/ODA, (B) ODPA-PN/ODA and (C) FIPN/ODA system
(Starink method)

Plots of reaction rate vs. temperature of FIPN/DDS, Bis-ADPN/DDS and
ODPA-PN/DDS blends: experiment data (Starink method)

Plots of reaction rate vs. temperature of (a) Bis-ADPN/ODA (b) ODPA-
PN/ODA and (c) FIPN/ODA, blends: experiment data (Starink method)
KAS method plot at degree of conversion between 0.05 and 0.95 for (a)
Bis-ADPN/DDS (b) ODPA-PN/DDS and (c) FIPN/DDS

KAS method plot at degree of conversion between 0.05 and 0.95 for (a)
Bis-ADPN/ODA (b) ODPA-PN/ODA and (c) FIPN/ODA

Activation energy vs. degree of conversion for bisphthalonitrile: DDS
(90:10) mixture (KAS method)

Activation energy vs. degree of conversion for bisphthalonitrile: ODA
(90:10) mixture (KAS method)

Plots of In (da/dt) + Ea/RT vs. In (1-a) at different heating rates for (A)
Bis-ADPN/DDS, (B) FIPN/DDS and (C) ODPA-PN/DDS system (KAS
method)

Plots of In (da/dt) + Ea/RT vs. In (1-a) at different heating rates for (A)
Bis-ADPN/ODA, (B) FIPN/ODA and (C) ODPA-PN/ODA system (KAS
method)

Plots of reaction rate vs. temperature of FIPN/DDS, Bis-ADPN/DDS and

XV

79

80

81

83

84

87

88

89

90

91

91

92

93

96



3.21

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

ODPA-PN/DDS blends: experiment data (KAS method)

Plots of reaction rate vs. temperature of FIPN/ODA, Bis-ADPN/ODA and
ODPA-PN/ODA blends: experiment data (KAS method)

DSC scans of (a) Bis-ADPN, (b) ODPA-PN and (c) FIPN monomers

in the absence and presence of ODA / DDS [10 wt%] before

isothermal curing in nitrogen atmosphere [heating rate 10 °C/min]

DSC scans of FIPN after isothermal heating in the presence of diamines:
(a) FIPN/ODA, (b) FIPN/DDS (a, b, ¢, and d represent the DSC scans
after the isothermal heating stage)

FTIR spectra of (a) FIPN/ODA, and (b) FIPN/DDS before and after
isothermal curing (a, b, ¢, and d represent the FTIR spectra after the
isothermal heating stage).

TG traces of (A) FIPN/ODA and (B )FIPN/DDS after isothermal

curing (a, b, ¢, and d represent TG traces after the isothermal

heating stage)

DSC scans of Bis-ADPN after isothermal heating with DDS/ODA: (A)
Bis- ADPN/ODA, (B) Bis-ADPN/DDS

DSC scans of ODPA-PN after isothermal heating with DDS/ODA: (A)
ODPA-PN/ODA, (B) ODPA-PN/DDS

FTIR spectra of (a) Bis-ADPN/ODA, and (b) Bis-ADPN/DDS before and
after isothermal curing (a, b, and ¢ represent the FTIR spectra after the
isothermal heating stage).

FTIR spectra of (a) ODPA-PN/ODA, and (b) ODPA-PN/DDS before and
after isothermal curing (a, b, and c represent the FTIR spectra after the
isothermal heating stage) after the isothermal heating stage).

TG traces of neat Bis-ADPN monomers before and after curing
isothermally with ODA and DDS in nitrogen atmosphere.

TG traces of neat ODPA-PN monomers before and after curing
isothermally with ODA and DDS in nitrogen atmosphere

TG/DTG traces of phthalonitrile resins cured isothermally with ODA
and DDS in nitrogen atmosphere [heating rate 20°C/min]

XVi

97

104

106

109

109

113

114

115

116

118

118

123



5.1

5.2

53

54
5.5

5.6

5.7

5.8a

5.8b

59

5.10
6.1

6.2

"H-NMR spectrum of 3-aminophenoxy phthalonitrile using CDCls

FTIR spectra of 3-aminophenoxy phthalonitrile and sample C800
DSC scan of 3-aminophenoxy phthalonitrile monomer

SEM micrographs of carbonized samples [C280, C400, C600 and C800]
WAXD patterns of carbonized samples [C280, C400, C600 and C800]

Raman spectra of APN based carbon foam

Electrical conductivity of carbon foam as function of carbonization
temperature

Total EMI SE of APN-carbon foam in the frequency range from 8.2
to 12GHz,

Contribution of absorption loss and reflection loss to EMI SE in

APN carbon foam

Total EMI SE of APN-carbon foam in the frequency range from

12.4 to 18GHz

TG traces of APN-based carbon foam samples.

Bar diagram of activation energy for phthalonitrile/diamine using Starink
and KAS method

Bar diagram of electrical conductivity of carbon foam as a function of

carbonization temperature.

XVii

136

136

137

141
142

143

145

149

149

151

152
161

163



Table

2.1

3.1

3.2

3.3

3.4

3.5

3.6

3.7

4.1

4.2

4.3

4.4

4.5

4.6

List of Tables

Title

Elemental analysis of bisphthalonitrile monomers; FIPN, ODPA-PN

and Bis-ADPN
Curing characteristics of bisphthalonitrile monomers using ODA (2.5, 5, 10,
and 20 %) as curing agent
Curing characteristics of bisphthalonitrile monomers using DDS as curing
agent
Curing characteristics of bisphthalonitrile monomers using ODA as curing
agent
Kinetic parameters analyzed from the autocatalytic models of the
polymerization reactions of bisphthalonitrile/DDS system (Starink method)
Kinetic parameters analyzed from the autocatalytic models of the
polymerization reactions of bisphthalonitrile/ODA system (Starink method)
Kinetic parameters analyzed from the autocatalytic models of the
polymerization reactions of bisphthalonitrile /ODA system (KAS method).
Kinetic parameters analyzed from the autocatalytic models of the
polymerization reactions of bisphthalonitrile /DDS system (KAS method).
Curing characteristics of bisphthalonitrile monomers using ODA and DDS
as curing agent.
Glass-transition temperature of cured FIPN/ODA, and FIPN/DDS samples
at different stages of curing
Thermal stability of FIPN before and after isothermal curing in the presence
of diamine ODA or DDS
Results of solubility of FIPN resins after isothermal curing in the presence
of diamines
Glass transition temperature of isothermally cured Bis-ADPN, ODPA-PN in
presence of DDS or ODA at different stages of heating
Thermal stability of Bis-ADPN before and after isothermal curing in the

XiX

Page No.

58

70

73

75

85

86

94

95

105

107

110

111

114

119



4.7

4.8

4.9

4.10
5.1

5.2

5.3

5.4

presence of diamine ODA or DDS

Thermal stability of ODPA-PN before and after isothermal curing in the
presence of diamine ODA or DDS

Results of TG/DTG traces of phthalonitrile cured isothermally with ODA/or
DDS in nitrogen atmosphere at heating rate of 20 °C/min.

Activation energy values for the thermal decomposition of cured
phthalonitrile resin

Results of water uptake in various cured phthalonitriles

Electrical conductivity at room temperature for different samples
Results of elemental composition of carbonized samples

Values of SET for C400, C600, and C800 samples in multiple bands [X and
Ku band)
Results of TG traces of carbonized samples [C280, C400, C600 and C800]

XX

120

124

125

127
144

149

150

151



Scheme

2.1

2.2

3.1

3.2

4.1

5.1

5.2

6.1

List of Schemes

Title
Synthesis of 4-(4-aminophenoxy) phthalonitrile (APPH)
Synthesis of imide containing bisphthalonitrile monomers [FIPN,
ODPA-PN, and Bis-ADPN]

Structure of phthalonitrile monomer and curing agents

Preparation of phthalonitrile monomer /curing additive blend

Proposed structure of crosslinked phthalonitrile resin after isothermal
curing

Synthesis of 3-aminophenoxy phthalonitrile monomer
Flow chart showing the preparation of carbon foams

Structure of bisphthalonitrile monomers

XXi

Page No.
49

53

68

68

108

135
139

159



ODA
DDS
ODPA
6FDA
BPADA
DMF
NPN
APPH
FT-IR
NMR
WAXD
KBr

FIPN
Bis-ADPN
ODPA-PN
DMSO-d6
T™MS

T

T,

DSC

TGA
CDCl;

Tq
AHT(x

AHTotal

List of Abbreviations and Symbol

4,4’-Oxydianilne
4,4’-diaminodiphenyl sulfone
4,4'-oxydiphthalic anhydride (ODPA)

4,4’-(hexafluoroisopropylidene) diphthalic anhydride
4,4'-(4,4'-1sopropylidenediphenoxy)bis(phthalic anhydride)

N, N-dimethylformamide

4-nitrophthalonitrile

4-(4-aminophenoxy) phthalonitrile

Fourier transform infrared spectroscopy
Nuclear magnetic resonance

Wide angle X-ray diffraction

Potassium bromide

6FDA based imide containing bisphthalonitrile
BPADA based imide containing bisphthalonitrile
ODPA based imide containing bisphthalonitrile
Deuterated dimethyl sulfoxide
Tetramethylsilane

Melting point

Glass transition temperature

Differential Scanning Calorimetry

Thermogravimetric Analysis
Deuterated chloroform
Milliliter

Degree of conversion

Degree of conversion at any particular temperature

enthalpy of partially cured samples (reaction up to time Ty)

Heating rate (°C/min)
total enthalpy of curing

XXiii



E. activation energy

m, n Order of reaction

Ti Initial temperature where the first heat evolved was detected
(Tonset) obtained by drawing a tangent to the initial portion of exotherm
Tp Peak exotherm temperature

(Tend). End temperature

AH exothermic enthalpy

R? Correlation coefficient

A pre-exponential factor

CHCIs Chloroform

DMAc dimethylacetamide

DCM Dichloromethane

T5 Degradation-temperature at mass loss of 5%

T10 Degradation-temperature at mass loss of 10%

LOI Limiting oxygen index

DTG Derivative thermogravimetric

IPDT Integral procedural decomposition temperature

E Activation energy of decomposition

FDT Final decomposition temperature

Tmax Temperature at which maximum degradation occurs

A* area under the TG trace/area bounded by TG trace

IDT Initial decomposition temperature

o Fraction reacted

T, the temperature of inception of reaction

Ty, temperature at the point of inflection on the thermo-gram
c Conductivity

) Skin depth

R R Resistance

€' Real dielectric permittivity

" Imaginary dielectric permittivity

0 Bragg diffraction angle

XXiv



SEM
VNA
EMI
EMI SE
SER
SEA
SEM
SET
TEM
CBA
3-APN
PN

Scanning electron microscopy
Vector network analyzer
Electromagnetic interference
Electromagnetic interference shielding effectiveness
Reflection loss

Absorption loss

Multiple reflections

Shielding effectiveness
Transmission electron microscopy
chemical blowing agent
3-aminophenoxy phthalonitrile

Phthalonitrile

XXV



	devendra kumar.pdf
	Table of content final
	thesis title final
	Title chapter 1
	CHAPTER 1 INTRODUCTION  Final
	title chapter 2
	CHAPTER 2  final
	title chapter 3
	Chapter 3 final
	title chapter 4
	CHAPTER 4  final
	title chapter 5
	CHAPTER 5 Final
	title chapter 6
	Chapter 6 conclusions Final




