CHAPTER IV
RESULTS AND DISCUSSION

The objective of this research was to synthesize polyphosphates and
polyphosphonates, possessing flame retarding properties, with highest possible weight

1 sized compounds were investigated for
lass transition temperature (7, o)

f)erﬁnt % In addition, limiting oxygen

ed @s a preliminaty indicating factors for flame

lymers. elations between polymer

average molecular weight (ﬁw )-

.

their structures, and thermal

retarding properties

structures, thermal pro ' per osphc ersus polymer flammability

have been made.

4.1 Polyphosphonates an tes, .
The preparation ies 0f pol sphonates (16a-16e) or polyphosphates

(19a-19e, 20a-20e) was ed’‘dut’by mean olution polycondensation reaction of
appropriate bisphenols with phienylphosphonie dichloride (PPDC) or an appropriate
“ .

p-substituted-phenylphosphorodichloridate in th

eflux. This synthe ' vas generally used to synthesize

S

nitrogen atmosphere at 1

polyphosphonates and-polyphosphates since this methog‘\

s not complicated and gives

products in mo et {ﬁl_ y 5ol i wn in Scheme 4.1
This sﬂy z],yc msﬂmm?lmlﬁve sible and it generates
hydrochloric acid as a o :zlsj S id ac toﬁ! essary. In this
case m&ﬁnﬂe&ﬁ fﬂlﬁ i]aﬁ ilﬁjﬁ EE;L nEInis reaction is
moisture iensitive, therefore, the reactions were carried out in an anhydrous medium

under a nitrogen atmosphere. Among several methods used in this work, it was found

that method B was the best one (vide infra).
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Scheme 4.1 The synthesis of target polyphosphonates and polyphosphates
y v & yphosp

4.2 p-Substituted phﬂlphosphorodichloridate m

The pr, ti ‘.m Yri horodichloridate was
performed utim nde oh 'r m n' phosphorus oxychloride
(O=PCl3) and an appropriate henof under a ni n atmospheré-and suitable reflux
i ) AL SN a V1T 10N

0] Cl
Il reflux |
CI—!I’—CI + H - B O=F|’—O X
Cl Cl
' 17, X=CH,
18, X =Br

Scheme 4.2 The synthesis of p-substituted phenylphosphorodichloridate
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In this case the amount of phosphorus oxychloride was used in 3 folds higher
than that of a selected phenol because this reaction is known to be reversible. The
usual method is to drive the equation to the right by using excess amounts of
phosphorus oxychloride. Phosphorus oxychloride was then removed by distillation
several times under reduced pressure.

In this work, five polyphosphonates (16a-16e), ten polyphosphates (19a-19e,
20a-20e) and two p-substituted phenylphosphorodichloridates (17, 18) were

2

4.3 Spectroscopic data of polyphosphates a polyphosphonates

In general, IR spec lymers weie similar except in the absorption
region of the moiety deri blsplilgnols The strong absorption around 1180 and

960 cm corresponds toeP-

synthesized.

c) stretching. The absorption around 1300

cm’! is due to P=0 stretehi the Gharactensnc aromatic C-H stretches around

all polymers. This is cha
'H-NMR spectral

aromatic protons of the mai

(;f all thé- Fplymers are summarized in Table 4. i
chaiaa -and the_pd;len! phenyl groups resonating in the
region of 7.0 to 8.0 ppm appear a&bmad m@ﬁ.ﬁ}e{s Coupling of proton to proton and
proton to phosphorugﬁrere also detected 3Jup = 13,7_14.04'1;, Jun= 6.6-7.3 Hz.
13C-NMR speeﬁq of the polymers show the menjnée corresponding to all the
carbons of the given pa.l‘ymer structures. The carbon signals of methyl groups appear

around 20 and 30 ppm, methylene groups of cyclohexane appear around 22 to 45
ppm, methine groups appear Iarmmﬂ 43 ppm, atemad carbeons appear around 43
ppm and peaks of aromatic carbens show in_ the reglon ofg119 to 149 ppm.
Cmbon-@hosphoms“douglmgs were delreeted e 3 w 3:10. 4 Hz,’ 2Jcp 5.4-7.7 Hz,
3Jcp = 4.344.9 Hz.

Each *'P NMR spectrum of all of these polymers shows only one signal,
corresponding to the P in the repeating unit. Phosphorus signals of polyphosphonates
appear around 12.4 to 12.5 ppm and phosphorus signals of polyphosphates show in
the region of 16.4 to 16.8 ppm. The substitution on the phenyl ring of polyphosphates
does not cause any significant change in the *'P chemical shifts values, presumably
because of fact that the substitution being more than five bonds away from the

phosphorus atom.?*
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Table 4.1 'H-NMR spectral data of polymers

Chemical shift values (ppm)
Polymer Ml — - Aromatic
(methyl group)  (cyclohexane) (methine group)

16a | - - 7.0-8.0
16b - 1.4,2.1 - 6.9-79
16¢ 1.5 - 4.0 6.9-7.9
16d 1.5 - 6.9-7.9
16e - 7.0-8.0
19a - 7.0-7.4
19b - 7.0-7.4
19¢ 4.0 7.0-7.4
19d - 6.9-7.4
19e - 7.0-7.4
20a - 7.0-7.2
20b - 7.0-7.2
20c¢ LA 4.0 7.0-7.2
20d 6,23 o) - 6.9-7.2
20e Vﬂ 7 X 7.0-7.2

5 —s
4.4 Factors a ﬁ Ef,ﬁ Wﬂww ;llp[ﬂ?phates
In gen ctors whi ect the w of synthetic polymers include
T
volume ﬂﬁ:o ,E‘Il .Thus; e eﬂ he ﬁc were studied

to find an optimized condition to achieve high molecular weight polyphosphonates

and polyphosphates.

4.4.1 Effect of monomer concentration.
In order to determine the effect of monomer concentration, solutions of
monomers with varying amounts of solvent were used in the polymerization.

Methods A and B were used and the results were summarized in Table 4.2
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Table 4.2 The M,, of polyphosphonates as a function of solvent volumes in solution

polycondensation methods A and B.

Bisphenol solution PPDC solution —

Method Bisphenol Bisphenol  solvent PPDC Solvent Mw

(mol) (mL) (mol) (mL) )
0.01 15 0.01 3 5,035
Bisphenol 0.01 40 0.01 10 3,190
A P-1,4° 0.01 10 7,183
0.01 20 2,388
10 11,906
i ‘ % ] 5 12,325
WON | 15 7,090
B . 10 13,407
Bisphenol A // %&\\\ 65 : -
Bisphenol E . 1.:;.- 10 i
: _ », 0.01 5 15275

All reactions were refluxed for 6 hy “ N -u& ﬁ" e E = 0.03 mol; “ NEt; = 0.06 mol.

et
From Table 4 My of polyphosphonates

increased when the ‘ olume of solvent ust séd, It is obvious that the
probability of reaction ﬁ:re

T2 1on@ reactant increases.

44.2 Effectof ﬁﬂ-éﬁ%ﬁ] 1l {W e1N7

The effeét of ratio of monomers used m polymenzat to ﬁw of the

polyphda Fﬁ mﬂm}m ﬁxﬁ%ﬁ H ﬁicﬁeﬂmoum of the

starting bisphenols and PPDC in solution polycondensation methods A and B, shown
in Table 4.3
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Table 4.3 The result of ﬁw of polyphosphonate where the ratio of monomers were

varied.
Bisphenol solution PPDC solution Ratio of -
‘ M
Method Bisphenol Bisphenol Solvent PPDC Solvent BIS P-1,4/ W
D
(mol) (mL) (mol) (mL) PPDC D)
0.010 20 0.010 10 50/50 4,938
0.008 20 0.012 10 40/60 4,810
Bisphenol '
A 0.012 ‘ 080 10 60/40 3,922
P-1,4° /
0. 20, 10 30/70 3,644
, J -
10 70/30 3,439
Bisphenol 10 50/50 11,906
P-14" 10 4555 8733
B
Bisphenol 10 50/50 13,407
A 10 44/56 8,855
NEt; was used in a slight excess N%Jﬂ'm 3= 0.06 mol. All reactions were reflux
for 6 h.
From Table polyphosphonate product

/hen the monomer ratio of

1:1 was used, highest “# w of polyphosphonate was a ieved. This is because the
reaction is a ste pin ion occurs anywhere
in the monomeajnﬂ a‘(mm‘i ﬁﬂjﬂﬁ Once the ester has
formed (with loss of a water moleciil d dimer, can
react f‘-ﬂ& w \’/-l]‘tao tni m"ﬂ ﬁﬁl ﬁ ﬁﬂsﬁﬁg The net effect
is that monomer molecule are consumed rapidly without any concomitant large

increase in molecular weight. Therefore, using the 1:1 ratio of monomers led to

complete polymerization and highest ﬁw of polymer were obtained.
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4.4.3 Effect of reflux time.
Initially, in most reactions products with relatively low molecular weight were
obtained. A series of reactions carried out at different periods of reflux time in order

to find an optimum reflux period were examined and the results are summarized in
Table 4.4.

Table 4.4 The My, of polyphosphonate obtained by using different reflux time.

Blsphenol soluti PPDC solution Reflux -
M
Method Blsphenol Blsphe PDC Solvent  time i

D
(mﬁ-(m,p o) @) @ P

Bisphenol 001 4 "‘"'-0-04_ 10 6 3,190

A
P-1,4° 10 24 2,981
Bisphenol 10 1 11,906
P-1,4° 10 12 6,015
Bisphenol 10 1 13,407

. A® 10 6 12,155
Bisphenol e 3 1 10,556
E* 01 s 20’*”-" 5 5 10,962

TNEt; = 0.03 mol; " NEt, = 0.06.mok | fm‘-

A . -

ould result in a more complete

ct that increasil
reaction, hence, hlghj molecular weight. no significant change in the
molecular we p? qﬁﬁ }ef e cases, a long period
of reflux resu tﬂi n even 1;?[?;@1 ﬂij:en ﬂ: y 1 h of reflux time is
adeq %s ha q ailr a&rﬁ aﬁ(ﬁof triethylamine
is addq JKI yﬂ m % Wﬁﬁ

As discussed so far, solution polycondensation method B, where

Apparently;,

dichloromethane was used as a solvent, yield the best results. Dichloromethane is
less hygroscopic than tetrahydrofuran, therefore, the reaction mixture would remain

anhydrous for a longer period of time. The best conditions, thus far, leading to

highest _Iqw polyphosphonates include using 0.01 mol of bisphenol in 20 mL CH,Cl,,
0.01 mol of PPDC in 5 mL CH,Cl,, 0.03 mol NEt;, and an hour of reflux time.
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Representative data for best results obtained in the synthesis of each

polyphosphonates are illustrated in Table 4.5.

Table 4.5 The best results on ﬁw of polyphosphonates synthesized by using

optimized condition.

Polyphosphonate ﬁw (D) Polydispersity

16a 14,346 2.07

16b @"////6,648 2.45

16¢ ~ A7 5 1.63

16d 1.79

16e _ 3.32
1 h for reflux time for each rg ! L H,Cl,, 4.4 M of PPDC in CH,Cl,,
0.055 mol NEts; * 0.5 M of bisphengl i GHLCI, 2M of PPDC in CH,Cl,, 0.03 mol NEt;.

It can be seen

higher than 10,000 D was

pt for the polymer 16b, _/qw

best conditions were employed.

Since the concentration o wn to give more effect on the

polycondensation than other faciors, an adjustment to fine-tune the conditions for

* o

= .--‘.'.-':{J’ s )

polycondensation of 16b was carried out in : tg’ obtain 16b with molecular
weight higher than 10,

Table 4.6 The result of My of ﬁ%hMOnate 16b as a function of monomer

iU E) INDNIWEI 113

Bisphenol é"solution ¢ PPDC solution -
‘ M
D)
(mol) (mL) (mol) (mL)
0.01 20 0.01 5 0.030 6,648
0.02 20 0.02 5 0.046 8,481

%1 h of reflux time.

As shown, the best ﬁw of polymer 16b obtain still falls short of 10,000 D.

An alternative method by Liaw, D.J.” was utilized in an attempt to improve the IT1W
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of 16b. Thus polybisphenol C / PPDC was synthesized by solution polycondensation
method C. Polymers 16¢ and 16e were also synthesized by method C for comparisoh
in order to validate the method itself (Table 4.7).

Table 4.7 The result of ﬁw of polyphosphonate synthesized by solution

polycondensation method C.*

Bisphenol solution PPDC solution
Bisphenol NEt; My

Bisphenol PPDC CH,)Cl,
(mol) mol) (mL)

(mol) (D)

Bisphenol E 0.01 5 0.030 7,761
Bisphenol p-1,4 5 0.057 7,205
Bisphenol C 10 0.046 6,646

% 4 h of reflux time.

Clearly, solution pblygondensat thod B proves far more superior than
method C. Unfortunately; high :-ﬁ of 16b could not be obtained even when
method B was employed in attempts had not been made and

as a sample to investigate its thermal

T~
d Polydispersity
.t

’;] W’?ﬁ;ﬂﬂjﬂ l ﬂ Hﬁ"ﬂ 3 &V‘I E ’la E] 2.07
q 16b 8,481 2.09
16¢ 15,275 1.63

16d 31,269 1.79

16e 11,906 232

Thus far, in the process of optimization, it was found that the best condition
for synthesis of polyphosphonates was using solution polycondensation method B,

0.01 mol bisphenol in 20 mL CH,Cl,, 0.01 mol PPDC in 5 mL CHCl,, 0.03 mol NEt;
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and an hour of reflux time. Therefore, a series of polyphosphates were synthesized
from selected bisphenols with appropriated p-substituted phenylphosphoro-
dichloridate by solution polycondensation method B using the optimized condition of

polyphosphonates (Table 4.9).

Table 4.9 The highest M, of each synthesized polyphosphates

Polyphosphophate ﬁw (D) Polydispersity

19a 1.69
19b 1.56
19¢ 221
19d 1.85
19e 2.45
20a 1.74
20b 1.63
20c 3.32
20d 1.71
20e 2.03

4.5 Determinationj)- polyphosphonates and

polyphosphates

ML) WA} 1) o 2014 g
to study a rel t"U i ir' i rmal properties. The
thermal behavior of all polymers Was evaluated=by of thennlﬁdﬁnenic analysis

(TGA) and%@lﬂﬂm ulmmqrg fﬂsﬂ q

polyphos1>hates and polyphosphonates are summarized in Table 4.10. A

A results of

representative thermogram of a polyphosphonate with a 10 °C min™ heating rate in
nitrogen is shown in Figure 4.1. The degradation of all polymers occurs as a two-step
process. This phenomenon was also found by Kishore er. al.'® The first step was
reported as the formation of various phenols and phosphates with some amount of

char remaining, which subsequently carbonizes in the second step.
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Figure 4.1 Thermogravim 20b in air
Table 4.10 Thermal propg f . e \ %‘ ates and polyphosphonates
Polymer /; 9 53“‘"‘» eld ( 700°C) LT
polyphosphonate 16a \ u:k 99.0
polyphosphonate 16b X 120.2
polyphosphonate 16¢ 94.4
polyphosphonate 16d 849
polyphosphonate 16e 113.7
polyphosphate 19a ~t3='_‘5=__:; 723
polyphosphate 19b = 2 85.4
polyphosphate 19¢ 462 9 66.2
polyphosphat diJ EI /3 ﬂ ﬁ ﬂ j w ﬂ tliﬂ dj 64.9
polyphosphate 85.6
mlyphﬁ;ﬁeflbﬁqn;gu uvlr]q‘ nﬂqa El 61.1
polyphosphate 20b 448 9 76.3
polyphosphate 20¢ 494 .4 24 55.4
polyphosphate 20d 469.4 17 54.9
polyphosphate 20e 436.7 13 80.4

“TGA conducted at a heating rate of 10 °C min”' in air

"DSC analysis conducted at a heating rate of 10 °C min™ in nitrogen
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From the data in Table 4.10, the polyphosphates and polyphosphonates
exhibited residual masses of 13% and 30% at 700 °C in air. The comparison of 7,
values (°C) and % char at 700 °C of all polymers was made by plotting 7,; values (°C)

and % char at 700 °C of each synthesized polymer as shown in Figure 4.2.

Ord ()

8 % char (700 «C)

From Figure 4:2, pol: . aming high %P, showed higher
thermal degradation temperatures and higher % char yields at 700 °C than the other

7L Zﬂ:‘f!ﬁf'ﬁmﬂp S
ol SR aETO Yo 115

In Table 4.10, the polyphosphates and polyphosphonates had glass transition

temperatures between 80 and 114 °C. The comparison of 7, values of

polyphosphonates and polyphosphates is as shown in Figure 4.3.
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Tg(°C)

transition temperatures th or polymers ir e group. In addition, as a

whole, T, values of po " [ higher than those of the

rigidity, would resul i  glass transition tem perature. In addition, a
comparison between - _,._-:...‘:.:_:-v-.--,-A ------- phate: = syrithesized from p-methyl

phenylphosphorodlchl d | : p@rodichloridate shows that
the former gave lower values than that of the latter. The rationale is based on a

e R T = e
RSN NN,

The study flame retarding property of synthetic polyphosphonates and

polyphosphates was done by studying the relationship between limiting oxygen index
(LOI) values as a function of the percentage of phosphorus (percent P) in the
polymers. The data on LOI and percent P of the polymers are shown in Table 4.11.
The LOI values of the polyphosphonates and polyphosphates generally fall in the
range of 27 and 40. These polymers show higher LOI values and presumably a higher
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degree of flame retardancy compared with commercial polypropylene (LOI =16) and
polyethylene (LOI = 17).

Table 4.11 The LOI value and percent P of polyphosphonates and polyphosphates

Polyphosphophonate and Polyphosphates LOI value Percent P
polyphosphonate 16a 28.0 8.86
polyphosphonate 16b - 7.95
polyphosphonate 16¢ 343 9.23
polyphosphonate 16d ~ : - 264 6.62
polyphosphonate 16e 7 —_— ’ 6.62
polyphosphate 19a f AN . 6.97
polyphosphate 19b 6.39
polyphosphate 19¢ 7.19
polyphosphate 19d 3.51
polyphosphate 19e 5.51
polyphosphate 20a 8.16
polyphosphate 20b Y . ‘:"i 7.38
polyphosphate 20¢ 4.6 8.47

”i
polyphosphate 20d 3.2 6.22

lyphosphate 20 ¥ 6.22

plspospat 21 EoR

N A AHAS AT

A plot o?'mLOI values as a function of pereent phosphoruq,pf all polymers in

s Vi ipba) 191111810 ¢
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Oxp
.o

19¢, 20c¢ (each possessing
highest phosphorus percentage)are highest with e group (16, 19, 20). These

polymers containing high perce pZ , lead to high LOI values. In addition
polymers 19a-19e poisess hngref 'Eél’ than ofhier. polymers (16a-16e, 20a-20e).
These results show that-the-fame-retardancy-of-the-¢ Y] osphates is considerably

increased by the 1ntr0LT.j1 ]
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