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ABSTRACT

Pentaerythritol, an interesting and commonly available cheap raw material with four
hydroxyl groups that has attracted a lot of attention. Pentaerythritol has been used to synthesize
dendrimers, star polymers, block copolymers, hydrogels, and flame retardant additives.
Dendrimers and flame retardant additives have been synthesized using a variety of starting
compounds (ethylenediamine, pentaerythritol, dipentaerythritol, succinic anhydride, 1,1,1-
tris(hydroxymethyl)propane, and phosphazene) and their derivatives. However, the ability of
pentaerythritol to selectively protect and functionalize its hydroxyl groups makes it ideal for
the synthesis of dendrimers and flame retardant compounds.

In the first section, starting with pentaerythritol, three new dendrimers, D1, D2, and D3
were synthesized, bearing 9, 12, and 18 peripheral hydroxyl groups, respectively, using an
alkyne-azide Husigen 1,3-dipolar cycloaddition reaction. The structural integrity and purity of
the dendrimers were confirmed by 'H and '3C NMR spectroscopy, and FE-SEM studies
established their near-spherical morphology. Using D2 as a macroinitiator, hyperbranched 12-
arm star polymers were synthesized via ring-opening polymerization of L-lactide. The molar
masses of the star polymers P1-P4 were controlled by changing the feed ratio of the monomer
to initiator, and the star polymers exhibit narrow dispersity as determined by SEC. FESEM
studies established their globular nature, and DLS measurements revealed that micelle size
increases with PLA content. The amphiphilic nature of the star polymers makes them attractive
materials for the removal of water-soluble dyes by phase transfer. It is found that the star
polymer acts as a unimolecular micelle with an encapsulation ability for dyes such as congo

red (CR), bromophenol blue (BB), and methyl orange (MO).



In the next section, a series of pentaerythritol derived phosphorous based flame
retardants (FRs labeled FR1, FR2, FR3, and FR4) were synthesized, and their suitability for
TPU thin films (< 100 micron) was explored. Then blends were prepared by choosing the
phosphorous content in the FRTPU at 0.5-2.0 wt %. Despite their structural similarities, they
exhibit drastically different flame retardancy in TPU. It is found that the addition of these
additives to TPU results in a significant improvement in fire retardant efficiency. The higher
char residue, compact char, and vertical flame test of FR1TPU and FR2TPU suggest that FR1
and FR2 work in the condensed phase, and they exhibit better flame-retardant efficiency
compared to FR3 and pure TPU. At 2% phosphorous content, FR2 completely stopped the
dripping of TPU film. The FR3TPU and FR4TPU at 2% phosphorous content showed
excessive non-flamed melt drips, which suggests that these FRs catalyze the depolymerization
of TPU and sharply reduce the melt viscosity, thereby increasing the dripping. The dripping
removes the material from the flame zone and helps in extinguishing the flame. The low char
values and open-cell foam morphology achieved for these FRTPUs suggest that they are
working in the gas phase.

Another section a series of additives containing phosphate moiety (FRs labeled FRS,
FR6, FR7, and FRS8) were synthesized. These FRs were melt blended with TPU, and blends
(FRTPUs) were prepared by choosing a phosphorous content of 0.5-2.0 wt %. After that, the
strips were analyzed by the UL-94 vertical burning and LOI tests. The results of the UL-94 test
showed that in FRSTPU», the dripping phenomena was observed however, in FR6TPU>,
FR7TPU,, and FR8TPU>, the dripping was completely stopped. For the neat TPU sample, the
fire develops instantly after ignition with heavy flammable dripping. The surface morphology
of the char residue was studied by SEM, and it was found that FRSTPU, FR6TPU, and FR7TPU
form closed-cell foamy morphologies, which implies that they are acting in the condensed
phase. However, FR8TPU forms an open-cell foamy morphology, which suggests the gas

phase, and the presence of phosphorous by the EDX analysis supports the condensed phase



activity of this molecule in the TPU matrix.

In the final section, a new synergistic flame retardant based on phosphate functionalized
silica (PhosFS) was synthesized by utilizing alkyne-azide click chemistry between 2,6,7-trioxa-
1-phosphabicyclo[2.2.2]octane, 4-(azidomethyl)-1-oxide, and propargyl functionalized silica
(PFS). The presence of phosphate on the functionalized silica was confirmed by various
techniques such as solid-state *'P NMR, Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), and inductively coupled plasma-mass spectrometry (ICP-
MS). The flame-retardant TPU composites exhibited excellent flame retardancy, which was
demonstrated by the UL-94 and LOI results. The SEM results revealed that upon incorporation
of PhosFS, the char residue of the TPU/PhosFS samples is more compact compared to the pure
TPU sample. EDX and FTIR suggest that the incorporation of phosphate functionalized silica
induces a synergistic effect by forming a physical barrier to restrict the combustion of the inner

TPU matrix due to the production of a uniform and dense char during combustion.
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UeTuRRIC, IR gRSIaad THg! & WY Ue fGaeey 3R AR IR IUasy Tl
e A1, R sgd @ sneffa faan 3. YeruRRieia o1 SwanT e, TR ufemR,
i DIANER, BlRSod R dl Rerse ufsfesy o Ixaftd o & forg fovan g
SFER iR i Rerse wfefesa o1 fafid THR & e aiffte! (TedermTE,
teruRiRic, fstcuRiIca, YRiF® TiREeRs, 1,1,1-0 FRsaaiEd) UtH, 3k
HIEHToN) 3R 371 e BT ST Hab AR b 11 B | §Tatifes, 30 gTe g aiet
! B gHE FU Y WA SR SrfEs s & g Yersdiiea ot amar 59 Sfgmd
3R AT Heds T & A0 & e resf aemd 3|

Ugd W H, UeTuRRIC I = g1, i U SR, €1, €2 oiR 3 &1 ot
femam T o, SR B 9, 12, 3R 18 TR gESiadd 998 §1d §, Sl U Tl
ToEs gRoM 1,3-Ryd wsadisfezm ufafrar &1 SwM wxd €1 SR @
ARATAS SESdl 3R Yl B g 'H 3R 1°C NMR WHRRSIUT GRT &1 TS, 3R FE-
SEM 3! A I B TMABR SHIRSD! Bt RITAT Bt | FhisMfeTer & U H Sh
B IWANT HA U, TRIRSS 12-3MH TR UIR P! Ta-ddess & -
UIRISSINE & A1eIH I Qg fosar Tar Ul TR Uik P1-P4 & GIg GoUHH &I
HHTR & TS ST B SRUEDA! | Jedd A foam T o1, 3R TR iR Tasdl
SRT FUTRT HHivf Hhaa UG RId Hd | FESEM ST o 3a! TATHR Ui B RATAT
&1, 3R DLS ATl J Ual =rell fob PLA I & A1 okt $T SR §gall 61 ¥R iR
1 THBITh{cTeh Uepld I RUT SRV GRT U1 H germiRitel T &l e o ey 3icbuep
It S § 1 I8 UT T | o TR UieliiR i XS (HSR), SErhra o (e, $iR
frurse SikeT (T S T & fo T THPIeIRM &HdT & Iy Th IR-STUad i
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& EU B HHE FRa 3

3T WS T, YTz s Bieh IRy SUTRd &l ReTsed (FR1, FR2, FR3, 3R
FR4 U9 dTc FRs) 1 U 400 DI SR fosam T o1, 3R TPU Udah fhedt (<100
TTgshIT) & 1T ITeh! IuPedT o1 Ul TRTIIT 71T AT| fihR FRTPU © BIEhRY AT ol

0.5-2.0 wt % TR T {01 R BT T SO SRa1eHS THHTS & Sraqg, d Siuig,
H arafiies e SaTen Hedn HefRid vd & | I8 Ui AT § fob <Iuig & 59 ufsfesq & sire
T SHfIRIER Gaar ¥ I@ITT YR Bidl 81 FRITPU 3R FR2TPU & I IR 3RV,
P IR TR SHealeR Tl TR0 Y Udl Iadl § fb FR1 3R FR2 F9fd 201 H 14 $d
& SR I FR3 3R Y TPU BI g1 & gk a-UfoRielt cera uefRid s &1 2% WiepRa
Il W, FR2 A U fthed & <UD &l IRt aRE 4 A & 2% BIRBRY Al )
FR3TPU 3R FR4TPU = e =i--9ciH Hee fSw & fg@m, S §ardi g fab I FRs TPU
F SUTRISOIRM B IR B & SR doit & fUge gu faufumee o $H 3 &, e
TUhdl §¢ SITdT § | TUDId AREA &1 o & F 82T a1 § 3R ol &1 g3+ | Ace Bl 8
$9 FRTPU & 7T Ured 44 IR 619 SR S8l BIH SfebTRept A Udl =erdl & fob 9 719

WU H HH PR B

TH 3 WS H BRWbE Pt AET (FRS, FR6, FR7, 3R FR8 A& dIdl FRs) Jad
Uiy o1 Teb §al o1 G faodl 71 71 39 FRs DI TPU & 91 TAfSid fobam o,
3R fHYN (FRTPUS) BT 0.5-2.0 wt % B BB IRY RN &7 T8 b duR fosam a7 o7 |
IF d1e, e o1 fagawor UL-94 aféwma af ik Tasheng e gRT fdsar | uL-94
TR0 %GRl § Uar 9a1 § f6 FRSTPU2 H, U 1 gel gt 5 ofl, grelif

FR6TPU2, FR7TPU2, 3R FRSTPU2 H, TUHT T aRE 3 &g g1 7141 7| U & A1 T

& e, SaeRITd TUHTd & AT ST T & gRd 916 ST T S § | IR AR &1 9dg
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SMTPTRD! BT ST SEM GRT fobdm T T, 3R I8 Ul 7T f FRSTPU, FR6TPU, SR
FR7TPU S&-PIRIBT AMER SRS sH1d 5, fordepT 31 § fos I afra =a=or # o1 o
g & | BTalidh, FRSTPU U SUH-Id SINTER SHTHIRG! ST &, il 19 IR0T &1 Jh1d &l
8, 3R EDX fa=a0T GRT Biew Ry &1 IurUfd TPU Afced & 9 3] &1 Jufd wRour
Tffafd 1 FHdT Bl 7

3ifam TS H, 2,6,7-CR HTII- 1 -BiehfaaTg e [2.2.2] 3TBersH, 4- (TTSITHAZ)
& dI Teh13-ToTS S faad T 1 SUTNT HRdb HIhe HaRAd RITCIHT (PhosFS) TR
YT T 71 Tefhards o Rerse Iaftd far mar Ut )-1-3Rrss, 3R IR
HhaRd RifcreT (PFS) | frareia RiferesT R hidthe & Jufkifa &t gy fafird aa-iem! ok
TIferS-%ee 3P NMR, BRIR TRIBIH SRS WAl (FTIR), YARIfAACH TATRM
(TGA), 3R TSfdead HUCE WISHI-AN WaeHC! (ICP-MS) §RT &1 75t wei-Rerse
SIORg HUifoTe 7 SHT WA Rered! HT Uexi fasar, foRt gua-o4 3R TASMSATS TROmH
SRT UaiRia foar T a1 SEM GROTE! & Ual 9 & PhosFS &1 XA & T,
TPU/PhosFS ! & dR A=Y Y& TPU TG Bt g H HfIF Hirdc gld § | e
3R THAAEIR HT J1d § [ Widthe wrafers RifiwT &1 qHY g9 & ERH Th
UM 3R O IR & IMGH &b HRUT AR U AfCa & &g ! Uidaieid B & o

TP YD SaRIY STHR U g iohaTHP YHTT ST HdT ¢



TABLE OF CONTENTS

CERTIFICATE i
ACKNOWLEDGMENTS il
ABSTRACT v
LIST OF FIGURES XVvi
LIST OF TABLES XX
LIST OF SCHEMES Xxi
LIST OF CHARTS Xxii
LIST OF ABBREVIATIONS AND SYMBOLS xxiii
CHAPTER 1 1
Introduction and literature survey 1
1.1 Overview of dendrimers 1
1.1.1 Synthesis of dendrimers 3
1.1.1.1 Divergent approach 3
1.1.1.2 Convergent approach 4
1.2 Hydroxyl functionalized dendrimers 5
1.2.1 Click reactions 7
1.3 Star polymers 9
1.3.1 Synthesis of star polymers 12

1.3.1.1 Core-first approach 12



1.3.1.2 Arm First approach

1.4 Ring opening polymerization

1.4.1 Star polymer synthesis through polymerization method

1.5 Overview of flame retardants
1.5.1 Flame retardants
1.5.2 Flammability of TPU
1.5.3 Combustion process
1.5.4 Classification of Flame retardants
1.5.4.1 Metal hydroxide-based flame retardants
1.5.4.2 Nitrogen based flame retardants
1.5.4.3 Silica based flame retardants
1.5.4.4 Phosphorous based flame retardants

1.5.5 Synergistic flame retardants having silica and phosphorous

1.6 Motivation

1.7 Objective

1.8 Format of thesis

References

CHAPTER 2

13

13

13

15

15

15

18

19

20

21

21

22

29

31

32

32

35

46

Synthesis and characterization of dendritic core derived unimolecular micelles and

their application as a phase transfer agent

2.1 Introduction

2.2 Results and discussion

xi

46

46

48



2.2.1 Synthesis and characterization of dendrimers and star polymers
2.2.2 Thermal analysis
2.2.3 Molecular size and morphology analysis

2.2.4 Adsorption studies for dyes

2.3 Conclusions

2.4 Experimental details
2.4.1 Materials
2.4.2 Instrumentation
2.4.3 Synthetic procedures
2.4.3.1 Synthesis of 2-(bromomethyl)-2-(hydroxymethyl) propane-1, 3-diol (2)

2.4.3.2 Synthesis of 2-(azidomethyl)-2-(hydroxymethyl) propane-1, 3-diol (3)

48

54

55

57

58

59

59

59

60

60

61

2.4.3.3 Synthesis of 2-(2-propyn-1-yloxy)-N,N-bis[2-(2-propyn-1-yloxy)ethyl]ethanamine

4
2.4.3.4 Synthesis of dendrimer D1
2.4.3.5 Synthesis of tetrakis(2-propnyloxymethyl) methane (5)
2.4.3.6 Synthesis of dendrimer D2
2.4.3.7 Synthesis of hexakis(2-propynyloxymethyl) methane (6)
2.4.3.8 Synthesis of dendrimer D3
2.4.3.9 Synthesis of star polymer

References

CHAPTER 3

62

63

64

65

65

66

67

68

75

Phosphorus-based bicyclic compounds synthesized from pentaerythritol as potential

flame retardant for thermoplastic polyurethane films

3.1 Introduction

Xii

75

75



3.2 Results and discussion 77

3.2.1 Synthesis and characterization of FRs 77
3.2.2 Vertical flammability test 79
3.2.3 Limiting oxygen index test 81
3.2.4 Thermal analysis 83
3.2.5 FTIR studies of char 86
3.2.6 Morphology analysis of char 88
3.3 Conclusions 91
3.4 Experimental details 91
3.4.1 Materials 91
3.4.2 Instrumentation 92
3.4.3 Synthetic procedures 93
3.4.3.1 Synthesis of 2,6,7-trioxa-1-phosphabicyclo[2.2.2]octan-4-ylmethanol 93

3.4.3.2 Synthesis of bis(4-methylene-2,6,7-trioxa-1-phosphbicyclo[2.2.2]-octane)
terephthalate (FR1) 94
3.4.3.3 Synthesis of tris(4-methylene-2,6,7-trioxa-1-phosphabicyclo[2.2.2]-octane)1,3,5-
benzenetricarboxylate (FR2) 95

3.4.3.4 Synthesis of bis(2,6,7-trioxa-1-phosphabicyclo[2.2.2]octan-4-ylmethyl)hexane-

1,6-diyldicarbamate (FR3) 95

3.4.3.5 Synthesis of bis(2,6,7-trioxa-1-phosphabicyclo[2.2.2 Joctan-4-
ylmethyl)(methylenebis((4,1phenylene)) dicarbamate (FR4) 96

3.5 Preparation of flame retardant TPUs (FRTPUs) 97
References 99
CHAPTEP 4 107

xiii



Preparation of bicyclic phosphates derived from pentaerythritol for improving the

flame retardant properties of thermoplastic polyurethane 107
4.1 Introduction 107
4.2 Results and discussion 110

4.2.1 Synthesis and characterization of FRs 110

4.2.2 UL-94 and LOI Tests 113

4.2.3 Thermal analysis 115

4.2.4 FTIR analysis of char 118

4.2.5 Morphology analysis of char 119
4.3 Conclusions 122
4.4 Experimental details 122

4.4.1 Materials 122

4.42 Instrumentation 123

4.4.3 Synthetic procedures 124

4.4.3.1 Synthesis of 2,6,7-trioxa- 1 -phosphabicyclo[2.2.2]octan-4-ylmethanol (1) 124

4.4.3.2 Synthesis of bis(4-methylene-2,6,7-trioxa-1-phosphbicyclo[2.2.2]-octane)
terephthalate (FRS) 125
4.4.3.3 Synthesis of tris(4-methylene-2,6,7-trioxa-1-phosphabicyclo[2.2.2]-octane)1,3,5-
benzenetricarboxylate (FR6) 126
4.4.3.4 Synthesis of 1,2,4,5-benzenetetracarbonyl tetrachloride 126
4.4.3.5 Synthesis  of tetrakis((1-oxido-2,6,7-trioxa-1-phosphabicyclo[2.2.2]octan-4-
yl)methyl) benzene-1,2,4,5-tetracarboxylate (FR7) 127
4.4.3.6 Synthesis of 2,2,4,4,6,6-hexakis[(1-oxido-2,6,7-trioxa-1-phosphabicyclo[2.2.2]oct-

4-yl)methoxy]-2A°,40°,61°-1,3,5,2,4,6-triazatriphosphorine) (FRS). 127

Xiv



4.5 Preparation of blends (FRTPUs)

References

CHAPTER S

128

130

137

Synthesis and characterization of phosphate functionalized silica and preparation of

composites with TPU for improved thermal stability

5.1 Introduction

5.2 Results and Discussion
5.2.1 Synthesis and structural characterization of PhosFS
5.2.2 UL-94 and LOI Tests
5.2.3 Thermal degradation analysis
5.2.4 FTIR analysis of residual char

5.2.5 SEM-EDX analysis of the char residue

5.3 Conclusions

5.4 Experimental section
5.4.1 Materials
5.4.2 Instrumentation

5.4.3 Synthetic procedures

5.4.3.1 Synthesis  of  2,6,7-trioxa-1-phosphabicyclo[2.2.2]octane-4-methanol,

methanesulfonate, 1-oxide (2)

137

137

140

140

145

147

149

150

153

154

154

155

156

4-

156

5.4.3.2 Synthesis of 2,6,7-trioxa-1-phosphabicyclo[2.2.2]octane, 4-(azidomethyl)-1-oxide

3)
5.4.3.3 Synthesis of amine-functionalized silica (AFS)

5.4.3.4 Synthesis of propargyl functionalized silica (PFS)

XV

156

157

158



5.4.3.5 Synthesis of phosphate functionalized silica (PhosFS) 158

5.4.3.6 Preparation of composites (TPU/PhosFSs) 159

References 161
CHAPTER 6 168

Conclusions and future outlook 168
BIODATA

XVi



LIST OF FIGURES

Figure 1.1 A typical structure of dendrimer G1, G2 represent the first and second generation of

dendrimer 3
Figure 1.2 Cartoon representation of (a) divergent and (b) convergent synthesis 5
Figure 1.3 Mechanism of alkyne-azide click reaction in presence of copper catalyst 9
Figure 1.4 Star polymers with different architecture 10
Figure 1.5 Illustration of combustion process of polymeric materials 19
Figure 1.6 Illustration of gas phase mechanism of phosphorous based flame retardants 25

Figure 1.7 Illustration of condensed phase mechanism of phosphorous based flame retardants 27

Figure 2.1 '"H NMR spectra in DMSO-d6 of (a) D1, (b) D2, and (c) D3 51
Figure 2.2 >*C NMR spectra in DMSO-d6 of (a) D1, (b) D2, and (c) D3 52
Figure 2.3 '"H NMR spectrum of P1 in CDCl; 53
Figure 2.4 (a) TGA, (b) dTG thermograms of star polymers P1, P2, P3, and P4 55
Figure 2.5 (a, b) FE-SEM images of D2 and (c) image of star polymer (P4) 56

Figure 2.6 Hydrodynamic diameter (a) of D2, (b) of P1, (c) of P2, (d) of P3 and (¢) of P4
measured by dynamic light scattering 56
Figure 2.7 Time-dependent UV-vis spectra showing dye adsorption by star polymer (a) CR, (b)
MO, (c) BB 58
Figure 3.1 '"H NMR spectra of (a) FR1, (b) FR2, (¢) FR3 and (d) FR4 79
Figure 3.2 Digital photographs of ASTM D6413 test of neat TPU and TPU/FR blends burning

after 5 s and 10 s, (a) Neat TPU (b) FR1TPU: (¢) FR2TPU; (d) FR3TPU: (e)

FR4TPU> 81
Figure 3.3 TGA (a, c, e, g) and DTG (b, d, f, h) graphs of Neat TPU and FRTPUs 85
Figure 3.4 FTIR spectra of the residue of FR1, FR2, FR3, and FR4 at 650 °C 88

XVii



Figure 3.5 SEM images and EDX spectra of residual char (a) and (f) of Neat TPU, (b) and (g) of
FR1TPU,, (c) and (h) of FR2TPUx, (d) and (i) of FR3TPUx, (e) and (j) of FR4TPU>
90
Figure 4.1 Pentaerythritol phosphate spectra in DMSO-d6 of (a) 'H NMR, (b) *’P NMR 112
Figure 4.2 '"H NMR spectra in DMSO-d6 of (a) FRS5, (b) FR6, (c) FR7 and (d) FR8 112
Figure 4.3 Snapshots of (a) Neat TPU, (b)FR5TPU2,(C) FR6TPU20(d) FR7TPU2, (e)
FR5TPU, o from UL-94 test during first ignition 114
Figure 4.4 TGA and DTG curves for FR5TPUs (a and b), for FR6TPUs (c and d), for FR7TPUs
(e and f), and for FR8TPUs (g and h) 117
Figure 4.5 FTIR spectra of char residue of FRTPU blends 119
Figure 4.6 Surface morphologies of the residual char as observed by SEM micrographs and
EDX spectra for TPU (a and f), for FRSTPU2, (b and g), for FR6TPU; ¢ (c and h), for
FR7TPUz, (d and i), for FR8TPU2 (e and j) 121
Figure 5.1 '"H NMR (a-c) and *'P NMR (d-f) spectra in DMSO-d6 (a) and (d) are 'H and *'P
spectra of 1, (b) and (e) are 'H and *!P spectra of 2, (c) and (f) are 'H and *'P spectra
of 3 141

Figure 5.2 (a) FTIR spectra of AFS, 3, PFS, and PhosFS (b) TGA thermograms of AFS, PFS

and PhosFS 143
Figure 5.3 Solid state >'P NMR of PhosFS 144
Figure 5.4 FESEM images of (a) AFS, (b) PFS and (c) PhosFS 144

Figure 5.5 Snapshots of (a) TPU, (b) TPU/CSz.5 (C) TPU/PhosFS2.s5 (d) TPU/PhosFSs, (e)
TPU/PhosFS7 s (f) TPU/PhosFS 1o (g) TPU/CS1o composites from UL-94 test 146
Figure 5.6 (a) TGA and (b) corresponding DTG curves in bulk form and (c¢) TGA and (d)
corresponding DTG curves of TPU and its composites in the powder form 148
Figure 5.7 FTIR spectra of char residue of neat TPU, TPU/CS, TPU/PhosFS: 5, and

TPU/PhosFS1o 150

Xviii



Figure 5.8 SEM micrographs of the residual char (a) of TPU, (b) of TPU/CS235, (c) of
TPU/PhosFS; s, (d) of TPU/PhosFSs., (¢) of TPU/PhosFS7 s, (f) of TPU/PhosFSio
composites 151

Figure 5.9 EDX spectra of residual char (a) of TPU (b) of TPU/CS 5 (c) of TPU/PhosFS 5 (d)

of TPU/PhosFSs o (e) of TPU/PhosFS7 s (f) of TPU/PhosFSio composites 153

XixX



LIST OF TABLES

Table 2.1 Characterization data for star polymers 54
Table 2.2 Thermal characterization data of star polymers 55
Table 3.1 LOI data and Vertical burning test for each sample 82
Table 3.2 Thermal decomposition data for each composition under nitrogen condition 86
Table 3.3 Compositions of blend samples 98
Table 4.1 Results of UL-94 and LOI samples collected with TPU and its blends 115
Table 4.2 Thermal degradation for each composition 118
Table 4.3 Details of blend sample compositions 129
Table 5.1 Summary of the UL-94 and LOI data of TPU and its composites 146

Table 5.2 Thermal degradation data for TPU and its composites in the bulk and powder forms
149

Table 5.3 Formulation of TPU and its composites 160

XX



LIST OF SCHEMES

Scheme 2.1 Synthetic approach for the synthesis of 2-6 49
Scheme 2.2 Reaction scheme for the synthesis of dendrimers D1, D2, and D3 50
Scheme 2.3 Synthetic approach for the synthesis of star polymer 52

Scheme 3.1 Route for the synthesis of pentaerythritol phosphite, FR1, FR2, FR3, and FR4 78

Scheme 3.2 Schematic illustration for the flame-retardant mechanism of FRTPU blends 88
Scheme 4.1 Synthesis of pentaerythritol phosphate, FR5, FR6, FR7, and FR8 110
Scheme 5.1 Synthesis of 1-3 using pentaerythritol as the starting material 140

Scheme 5.2 Synthesis of PhosFS particles using TEOS and APTS as the starting materials 142

XXi



LIST OF CHARTS

Chart 1.1 Structure of some polymers and their monomer derived from ROP 14
Chart 1.2 Chemical structure of commercial used flame retardants 24
Chart 1.3 Molecular structure of some reported gas phase active phosphorous based compounds
26
Chart 1.4 Molecular structure of some reported condensed phase active phosphorous based

compounds 29

XXii



LIST OF ABBREVIATIONS AND SYMBOLS

% Percent

0 Chemical shift

s Singlet

d Doublet

br Broad signal

Vs Versus

cm Centimeter

mm milimeter

g Gram

mg Milligram

mol Mole

mmol Millimole

M Molar

mL Millilitre

ppm Part per million
°C Degree centigrade
h Hours

Min Minutes

A Frequency

MHz Megahertz

Amax Absorption maximum
Ts Decomposition temperature at 5% weight loss

XXiii



Tq

e.g.

1.€.

My
M,

Actr

APTS
AFS
DCM
DMF
DMSO
FT-IR
PFS
PhosFS
GPC
HRMS

ICPMS

LOI

NMR

Decomposition temperature

For example

That is

Dispersity

Weight average molecular weight
Number average molecular weight
Adsorption efficiency

Nitrogen

Argon
3-Aminopropyltriethoxysilane
Amine functionalized silica
Dichloromethane
Dimethylformamide
Dimethysulfoxide

Fourier transform infrared spectroscopy
Propargyl functionalized silica
Phosphate functionalized silica
Gel permeation chromatography
High resolution mass spectra

Inductively coupled plasma mass

spectrometry
Limiting oxygen index

Nuclear magnetic resonance

XXiv



POCI; Phosphorous oxychloride
SEM Scanning electron microscope

SEM-EDX Scanning electron microscopy-energy

dispersive X-ray spectroscopy

TGA

THF

T™S
TEOS
TPU

TLC
UV-Vis
UL-9%4
CH3;COOH
(CH3CO),0
CCly
CHCI;
(CHs)20
CH2Cl,
CH3;0H
EtOH

HCl

HBr
H2SO4
H>O

NaH

Thermogravimetric analysis
Tetrahydrofuran
Tetramethylsilane
Tetraethoxysilane
Thermoplastic polyurethane
Thin layer chromatography
Ultraviolet—visible
Underwriter laboratory-94
Acetic acid

Acetic anhydride

Carbon tetrachloride
Chloroform

Diethyl ether

Dichloro methane
Methanol

Ethanol

Hydrochloric acid
Hydrobromic acid
Sulphuric acid

Water

Sodium hydride

XXV



NaOH Sodium Hydroxide
NaxCOs3 Sodium Carbonate
NaxSO4 Sodium Sulphate

KOH Potassium Hydroxide

XXVi



