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Condensation Polyimides:

Chemistry and Properties

Frank W. Harris
Institute of Polymer Science
The University of Akron

Akron, Ohio 44325
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Table III. Molecular Weight Data for PMDA/ODA Polymerizations
at > 10 wt% Total Solids Content

PMDA/ODA % S M, (calc.) M, (exp.)

Addition of Solid PMDA to ODA Solution

0.8182 25.6 2,000 6,700
0.9231 17.5 10,000 2.(}000
10,0002
0.9725 18.6 30,000 43,000
: 29,000V

Addition of PMDA Solution to ODA Solution

0.8182 20.0 2,000 2,400
0.9259 204 10,000 ' 11,000
0.9717 16.7 28,000 26,000

3 After aging at 0 °C for 60 days.
b After aging at 25 °C for 10 days.
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- Reversible autocatalytic kinetics of phthalic anhydride-oxydianiline reaction at ~10°C

and an initial concentration of 0.05N (first-order reverse reaction). -




o CH, CH, 0
| |
£ —cn AN + 1x~<Opr O —
Y o )
i CH, CH, i AL
0 - 0
‘ \Y%
e ]
U |
OO O
AN /7
REF. 3 c Lo &
I b
(o] 0
Vil ’
: TABLEII
Rate Constants for Autocatalytic Reversible Reaction of Alkylene-Linked Dianhydride with
L Oxvdianiline
n
T Ag &y | 7% (Reverse -
(*C) M) (L/mol s) (L?/mol?s) order) | 2 S?
0 0.05 427%10°2 11.5 1 4.22 X 10~ 12.7
0.05 427%10°2 115 2 8.76 X 10-% 129
0.04 2.04 X 1072 14.3 1 1.37 X 10~¢ 7.2
0.04 2.04 X 10-2 14.3 2 4.07 X 1073 27.1
20 0.05 1.85x 102 269 1 1.11 X 15-% 316
0.05 1.85x 102 26.9 2 9.93 X 10-% 734
0.04 2.44 X 10-2 29.4 1 5.65%10°¢ 3.64
0.04 2.44 X 1072 29.4 2 9.93 X 103 4.60
0.025 2.52 x 103 41.3 1 1.33 x 107 136
0.025 252 x 10-3 413 2 6.24 X 10-¢ 13.6
a First order kjins~!, second order: k3in L/mols.
TABLE 111
Catalvtic Effects on the Rate Constants for Autocatalytic Reversible Reaction of ALDA with
ODA
n
Cata- T Ao Ay | 73 (Reverse
Ivst (°C) (mol’'L) (L/mols) (L%/mol?s) order) kat S? K.
HOAc¢ 20 0.025 6.16 X 102 26.4 1 454 X10°% 275 15,200
o 0.025 6.16 X 10~2 26.4 2 197 X 103 211 14,700
DMAP 0.025 6.63 x 10-3 315 1 2.68 X 10~5 1.74 28,400
2 0023 663x%x107? 315 2 1.15x10°3  1.71 27.600
sForn=1 kyins~!;forn = 2 k3in L/mols.
b K, is an equilibrium constant.
TABLEIV
Effect of Pyridine and Acetic Acid on the Molecular Weight of the Thermoplastic Polyimide
- Additive Peak
Addictve . concentration M, M,
Acetic Acid 1340 51,00 59,800
2/34¢ 40,100 42,000
- Ay 39,700 40,600
24, 33,900 34,100
Pyridioe 1/340 64,000 69,200
. 2/34¢ 60,300 64,300
Ao 4,700 57,700

24p 56,800 64,300
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TABLE V
Effect of Equilibration Temperature on the Molecular Weight of the Thermoplastic Polyimide
Equilibration Master Peak
temperature (°C) batch M, M,
-1o B
i 5 57400 S9.00
0 ) 62300 6200
’.:3 A 50,100 48,300
- : o
-» B 30,600 29,700
90,000 Mp &M, 31°CVS
TIME AFTER ALL PMDA ADDED
PMDA/ODA MOLE RATIO 0.98
80,000 |
70,000
60,000
- - - * = -
50,000
My, | PAA
TIME (HR.) AFTER ALL PMDA ADDED
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THERMAL IMIDIZATION
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Fig. 1. Weight losses of polyamic acid films: (A) 28.5% after 100 min.; (Q) 305%
after 100 min.; (O) 31.5% after 50 min. Film samples were 100 mg. each and 0.20 mil

thick. Weight losses were produced isothermaally in helium at the temperature spedﬁeq:'
The arrows refer to the times at which the temperature reached the desired maximum. 2

o.25F

0.20

A AT I3.80p
[~
)

o
o

0.05

REF. 6

L A A 1 A 1 4 1 Kl Dend I A 3l
L) A T

50 100 150
TIME (MINUTES)

Fig. 2. Conversion rates of polyamic acid at various temperatures.

250 |
2.00 }
»n
g
1.50 b
; SO
-
<
- 1.00 |
"
o
n -
~ oso} a 188°C
0‘0‘5 y'3 . A .l 1 5 | - = 1
0 10 20 30 40 50 60 70

Fig.

TiME (MINUTES)

3. Logarithmie plot of conversion of polyamic acid.



C\O /H - C’\O..
_— > .
AN Ao ngH tH
§0 §O R v} 0 0 0
. 1 " i 0
l HO'C]:ij:C\NH—R~ Hozcjf:]:C\o“
~R~HN~C ¢-OH Os¢ c=0
- [ " I !
40 03.,0H ) 0 NH  HN
~
N\ —OHT N C\"‘ ~R” R~
N—R +——— N—R
- C/ / 4 N
X0 C§0
Activated Complex
TABLE {1 .
Rates of Cvelization of Tertiary Amine Salts of the Polvamie Acid of
PMDA and 4.4-Diaminodipheny] Ether
Rela-
Tertiary amine k, min. ™! k, min. ™! tive Conversion, ‘¢
added® (1st step) (2nd step) rates® ( Ist step)
Dimethyldodecyi-
amine 2.06 X 107 1.85 X 102 0.6 {3 (in 8 min.)
REF . 6 Tri-n-butylamine .05 X 107 1.0 X 1073 5o 734 Gin 15 miny)
Tri-n-butviamine
(140°C.) 308 x 1w~ _ —_— —
Tri-n-butylamine
(123°C.) 4.80 X 107? —_ — -
Triethylamine 7.57 X 10~ 1.33 X 10-* 3.9 69 (in 13 min.}
No amine 1.95 X 107t 4.52 X 1073 1.0 43 (in 38 min.)
« Temperatures at 161°C. unless otherwise specified.
® Relative rates are comparizons of the rate of the first fast evelizations at 161°C. to
- that of the free polyamic acid.
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Figure 5. Degree of cyclization { vs heating time t under con-
ditions of dissolution and repeat&d casting of the film of soluble
polyimide during cyclization. a - cyclization before dissolution; b
- cyclization after dissolution. Cyclization temperatures, T :

1) 393, 2) 413 and 3) 433K.
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m : experimental mass losses during cure;
S : sampling for FTIR and DSC measurements;
T : considered loss temperatures.
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m = detected weight losses (see abbreviatioas in Fig. 1);

m*® = calculated losses due o the cure of a pure 1/4 diamic acid/NMP compiex;

m®, = calculated water loss if full imidization is assumed.
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Dynamic cure data was plotted

to demonstrate the convergence of the degree of cure of films of

varying thickness with time.
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TABLE 1. MUMBER AVERAGE MOLECULAR WEIGHT '

CURE TEMPFRATHRE, °C

DATE DATE
DESCRIPTION CAST ANALYZED MOLECHLAR WEIGHT
6F-3,3'-DDS 5/1/85 11/19/85 40° 150° 200° 300°
(UNENDCAPPED) 9150 12,800 9,900 28,700
6F-BDAF 11714785 3/21/86 uQ® 150° 250° 375°
(UNENDCAPPED) 11,100 20,700 27,800 31,000
BDSDA-BDAF 4/1/85 6/18/85 40° 12s°  175° 300°
(RESIN 1) 22,200 19,800 21,200 41,600
BDSDA-BDAF 4/22/85 11/19/85 ug® 125° 175° 300°
(RESIN 2) 11,400 11,400 21,750 43,700
T SOLVENT:  DmAC
TABLE 11. WEIGHT AVERAGE MOLECULAR WEIGHT TRENDS 1-3
CUIRE TEMPFRATURE, °C
DATE DATE
DESCRIPTION CAST ANALYZED MOLECULAR WEIGHT
§F-3,3'-D0S  10/15/86  10/23/86 40®  100°  150°  200° 300°
(IINENDCAPPED) 33,400 27,100 22,100 78,000 114,700
6F-BDAF 11/14/85  11/5/86 uge? 150°  250° 325°
(UINENDCAPPED) 53,600 32,000 42,800 65,800
BDSDA-BDAF 9/18/86  10/17/86 50*  100° 200° 300°
(2% ENDCAPPED) 34,800 26,200 36,800 62,800

VSOLVENT: 0.1 LiBr/DMAC
240° FILM SPECIMENS STORED AT 10°C
idn/dc ASSUMEN TO BE 0.15

RECAST FROM ORIGINAL RESIN ON 8/4/86

13,
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Kinetics of chemical imidization at 323°K [246]). a) Trans-
formation of o-carboxycarboxamide units; b) accumulation of im-
ide rings; c¢) accumulation and consumption of isoimide moietijes.

TABLE I
Variation of Structural Parameters on Conversion of Polyamic Acid to Polyimide

niw, db/g

In In cong

Polymer* [}, di/gt DMAC 1150, 8, (S) M. x 107227, X 107 A,/

1 Polyamic 0.77 0.76 — 2.16 32.5 65.6 2.02
acid
(CD-PA)
2 Dolyimide 0.81 0.80 — 1.89 33.8 86.6 2.56
x (CD-PI)
3 Polyimide — “1.15 1.13 - - -_ —_
(CD-1'1) '

s Prepared from: cumenediamine and pyromellitic dianhydride.
*In DMAC
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Slide 1 : LAY OUT OF PRESENTATION

Types of thermosetting IMIDE Resins.
- Acetylene terminated Imide Resins.

Endomethylene tetrahydrophthalimides (PMR-resins).
- Bismaleimides,

Curing agents (Comonomers) for BISMALEIMIDES.
Michael Addition Comonomers

(Amines, Amino acid hydrazides, other nucleophiles).
- Styrenes
(Divinylbenzene, Bis-(o-propenylphenoxybenzophenone etc.
Allylphenyl compounds
(o-Diallylbisphenol A, TM 120, TM 121).
Benzocyclobutanes and others,

AB-type Monomaleimides (Synthesis and Properties).

Slide 2 : SYNTHESIS OF ACETYLENE TERMINATED POLYIMIDES

|
0
(ﬁ 0 (o]
= Nf@/" Ol 10Y @C\@
C C
] o o

Excelient high temperature ageing properties
Addition type Polyimide

Processed from N-Methylpyrrolidone

Processing includes high temperatures {350°C) and
high pressure (14 bars)

[

Lit.: a) Landis, A.L. et al, ACS Polymer Preprints 1974, 15, 2, 537
b) Bilow, N.A., USP 3845018 (1974) (to Hughes Aircraft Co.).



20‘ Slide 3 :

Properties of acetylene terminated Polyimides.

o o
i x 1l
=C N - 20 - ¢ N [
HC=C~("-R- N () () N -R |-\ -c=cH Tg.%C
n c” ~C- n OF
It I CURED
o o POLYMER
X R n SOLVENT mMP. oC .
/\C =0 - 0 gn; >250 > 400
N 184 .5
C(CFg), - 0 ACETONE 190 4 410
CF,
—o-y-C-(N -0- - o ACETONE 12242 az
010 o B
CF3
THF
—°'©‘3‘©‘°‘ - ° (ACETONE) 140 302
ACETONE
Jc=o0 -0- 1 CHCI, 175185 >400

*AFTER 8 hr 370°C POSTCURE
**AFTER 24 hr 370°C POSTCURE

Lit.: Bilow, N. ACS Symposium Series 132, p.139 (1980).

Slide 4 : Synthesis of acetylene terminated lsoimides.

ﬁ ﬁ || H,N—R—NH,
C HN
O\ 0O+
C (‘/
I I C==CH
o o}

HCEC@ r -
N 0 N—RI—N, o N

C=CH

Lit.: Landis, A.L., Naselow, A.B., 14th Nat., Sampe Techn. Conference

14, 236, (1982).
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Slide 5 : Properties of acetylene terminated lsoimides. 2/.

DSC OF METYLD{-TEQHIMTED Ot IGOMERS

2530¢C

6FDA POLYIMIDE 4 F

F-C-F G
HC:C u¢© CQQNUOU o u;@ié :@?(j,cscn
N

6FDA Polyimide

BTDA POLYIMIDE

BTDA Polyimide

BTDA POLYISOIMIDE

ncec@{‘olsz@g‘oogo(%ugp"z@:©Cscn

BTDA Polyisoimide

“0 82 120 o0 280 260

TEMPEIATURE [

283 320 360 w00 40

0

Slide 6 : The Synthesis of Bis(endomethylenetetrahydrophthalimides).

T+

§:

2
HD
gl
3
;
rgt

Lit.: Lubowitz, H.R

Mo
N N-o

\o'

o)

o’

ﬂ*!P 9,24

n i)

& § g,

-» ALS, Org.Coatings and Plastics Chem. 35(2)77-88(1985).
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Slide 7 :

weight loss ( % )

Thermogravimetric stability of Model Diimide Compounds.

10

20

30

Lo

50
60

70

80

90

Group 1l
Environment: ] atm Nz Flow

Scan Rate: 3°C /Minute

Group 11l

H Group 111
e
100 300 4oo 500 600 700 800 (OC)

Lit.: Lubowitz, H.R., ACS Polymer Reprints, Vol 12 (1) p.329 (1971).

Slide 8 :

Lit,

The PMR - Resin Concept.

0O
[ i
CH,0—C C—O0H HO—C,
Q@ B
HO—C ﬁ H, CHO~C
} !

: Serafini, T.T., Delvigs, P., Lightsey, G.R., Appl. Polym, Sci 16, 905(1972)



Slide 9 :

2067(300)

1378(200)

FLEXURAL STRESS, MPa (KSI)

Lit.:

Slide 10 :

Lit.:

689(100)

Sheppard, C.H., et al.

Lubowitz, H,R.,

L3,

Thermal properties of PMR 15 Carbon Fibre Laminates

(thermal Ageing).

i — INITIAL
——= AGED 125 Hrs.  600°F

! 1138(20.0)
SHORT-
BEAM SHEAR
ULT (KS1)

! 169(10.0)

0 3N 36 42 47 5B 589 (o)

(100) (2000 (3000 (400) (5000 (GQO0) )

11th National Sampe Techn. Conf., 11 p.40(1979).

Chemistry of P13N - Endomethylenetetrahydrophthalimide - Resin.

- =

0 6]
| |
| C—NH —R—+NH—C
I®‘°‘©I X0
_NH_.R—»NH-—C HO—C
|
(0]
L “n a1 67
0] i 0 7
| 1 0 |
C _C (l: _
L ers
(i/ cl: R N\ X)
P ! !
“ nMg7
l POLYMERISATION P 13N {CIBA GEIGY)
0 [ ) 0
C< _C c C
N—R--N @' "@ N—R-N
c” ~c ~
I i i
0 | O
n-1,67

USP 3528950 (1970).




éuq“ Slide 11 : Thermal Oxidative Stability of P13N - Glass fabric Laminates.

70?\\[\
TN T —
50 \\ \I_

|
Aged at550° F (288° C)

psi

l
!
|

l
30 !
. ‘ : |
\
20;

AgeJatSOO" F (327° C)
|
|

Flexural Strength at Test Temperature 10

10

0 100 200 300 400 500 600 700 800 900
Hours Aging at Test Temperature

Lit.: N.N, Product Manual, Ciba Geigy, Ardsdley, N.Y.

Slide 12 : Synthesis Route for LARC - 13 Adhesive.

A
—A _—

Amic Acid Prepolymer

(o] o I(I) C\D
" W 0
nN— AR N/\:@ﬁ @/N-AR N CROSSLINKED
)] ¢ ] > 3oo° 7 POLYIMIDE
\\O o 0 n O

Imide Prepolymer

Lit.: St.Clair, T.L., Progar, D.J., 24th National Sampe Symposium 24, 1081 (1979).



Slide 13 : LARC - 13 Adhesive Properties. 25.

o 0
u N i 9
[s} N
R RSCHUCSEUY
. [
" W
I\ /7
0 0 o n O

Lap Shear Str., psi (MPA)

Laboratory Adherend
RT 316°C
NASA-Langley Gr/PMR-15 2300 (16) 1900 (13)
Gr/NR-1508B2 5000 (35) 1700 (12)
Titanium 3000 (21) 1500 (10)
Boeing Gr/PMR-15 2000 (14) 2000 (14)
Glass/PMR-15 3300 (23) 2200 (15)
Titanium 4000 (28) 2200 (15)

Lit.: St.Clair, T.L., Progar. D.J., 2hth National Sampe Symposium 24, 1081 (1979).

Slide 14 : chemistry of LARC-1€o PMR-Resin

Jeffamine AP-22 BTDE
o o °°E'(” (N)noc Coer(H) RT
O ora =5
L NH, conc« ktnoc conad s
3 2
n=0,1,2

‘__Jeff;r:i;:: pﬁ%@cu,{ém,}@m 15:[ W<O)-en {@c”}@ j:g

l
o

>100°
-C H50H

n=0,1.2

9?1&%@ W,@“m,}n@ —— ﬁi <O E@ EAC L@
G THO 1010 T <<>c~}{@ Jorthed

n=0,1,2
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Slide 15 : Synthesis of Bismaleimides.

o o]

1 ! ]

AN N C
(o« m—nmnn, SO ( ==’ )

g C—OH OH—(

I |

Y o}

Bismaleamic acid

1) HOAc or 1) Ac,0, NaOAc, 90°C, or

2) DMF 2) DMF, NaDAc or
Heat 3) Heat
o ¢]
L)
( N—Ar—N P
Bismaleimides O 0

Lit.: a) Cole, N.D., Gruber, F.W., USP 3,127,414 (1964).
b) Searle, N.E., USP 2,444 536 (1948).
¢) Kovacic, P., Heim, R.W., J. Am. Chem. Soc., 81,1187 (1959).

Slide 16 : Physical Properties of Bismaleimides.

) g 3

No. —R— Mpt AN No. M.pt  AH*
Q) J/g) 0 (1/g)

—@- 0 ? 2-2 @ O @ 12-178 160
1-2 @ 22-203 210 2-3 @sa-@ 252-255 190
@—cu‘ 174-1%6 180 4 @-so,_@ 20-211 210

1-1

CH
C.H, > C,H

2-5 H; 150-154
- YOr w16 OO
CHY C.H. C:H. CH,
C,H. C,H,
- OCH, 174-175 205 )
1-5 @ 2-6 @cn,«@ 149-151 280
C,H, He
. o
2-1 -@-—m,{ 155-157 240 i
O)— -7 O ;.’ 177-180 225

CH,

Lit.: Stenzenberger, H.D., in Structural Adhesives, Developments of Resins and
Primers, Editor Kinloch, A.J., Elsevier Applied Science Publishers,
London and New York. ISBN 1-85166-002-x.



Slide 17 : Synthesis of Sulfone-Ether Bismaleimides. QZ;Z

2H2N—@—OH + cn—@—soe—©—c1 o
LoD =

0

5~AOoDy-so—O-o-Orsw. + (b —
OO ~H)>

CO.H

(v

Lit.: a) Kwiatkowski, G.T. and Brode, G.L., USP 3839287 (1974).
b) Kwiatkowski et al., J. Polym. Sci., Polym. Chem. Ed., 13 (1975) 961,

Slide 18 : Properties of Oligomer Sulfone Ether Bismaleimides.
(o) (l) (i
~+O10~O~~OHKO— @ O i)
o] (0]
0
SED Oligomer Oligomer
maleimide (n =1)SED (n = 2)SED
(n=0) maleimide maleimide
Molecular weight (uncured) 518 1050 1500
T., °C (cured) >330 239 185
Shear modulus, dyne/cm? 1.2 X 10® 1.2 X 10 1.0 X 10%
Shear modulus above the
T,, dyne/cm? —_— 6 X 10° 5 X 107

Lit.: Kwiatkowski et al., J. Polym. Sci., Polym. Chem. Ed., 13 (1975) 961.




llyf Slide 19 : Peroxide initiated cure of Bismaleimides.
(Differential Scanning Calorimetry).

[34¢}

AT

|
;

-
(=]
(=]

150 200 250 300 350 400
T.°C (CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES)

. Homopolymerization of bismaleimide: (a) no catalyst; (b) with
catalyst (2,6-dimethylhexane-2,5-di-f-butyl peroxide).

Lit.,: Stenzenberger, H.D., in Structural Adhesives, Developments of Resins and
Primers, Editor Kinloch, A.J., Elsevier Applied Science Publishers,
London and New York. ISBN 1-85166-002-x.

Slide 20 : lonic type cure of Bismaleimides
(Differential Scanning Calorimetry).

EXO

N
N

e

'3l _-4—

.
T

liE

ENDO

100 150 200 250 300 350
T.°C (CORRECTED FOR CHROMEL ALUMEL TRERMOCOUPLES)

Differential scanning calorimetry of bismaleimide: 1, uncatalyzed; 2,
0-5% 2-methylimidazole catalyst; 3, 0-5% diazabicyclo-octane catalyst.

Lit.: Stenzenberger, H.D. et al. 30th National Sampe Symp., 30, 1563 (1985).



Slide 21 : Bismaleimide - Vinylmonomer Copolymerisation.

(radical type Copolymerisation). Zz7
CH-CH2
T +meH=cHz— | |1 "%
o/\'f/\o 07 T \o
AI' Ar n

VINYL-MONOMERS

Styrene
Vinylstyrylpyridine
Divinylbenzene
Triallylcyanurate
Triallylisocyanurate
Diallylphthalate
Acrylates
Vinylesters

Lit.: Stenzenberger, H.D., unpublished resuits.

Slide 22 : Michael Addition Copolymerisation of BMI with aromatic Diamines

(Polyaminobismaleimide chemistry).

¢N..R_,<>
R S

H

H
I | o o
O~ cu—~<O>—~

N—R—N |

(o}

N—R—N

o=

o (o]
Polyrmensation

H H
! | o o)
N‘@'CH3—©—N
N—R— N —R—N
0

Lit.: Bergain, M., Combet, A., and Grosjeau, P., British Patent 1190718,(1970) .

0
o}
(¢}

4




Slide 23 : Thermal Ageing properties of KERIMIDE 601- Glass fabric laminates.

Ageing time  Flexural strength Wt. loss
at (MPa/ksi) at 200°C (%)
200°C (h)
25°C 200°C

0 489/71-0  391/56-8 —

1000 450/65-3 381/55-3 0-4
2000 450/65-3 372/53-9 0-5
5000 391/56-8 372/53-8 1-1
8000 313/45-4  254/36-9 1-9
10000 274/39-7  260/29-8 27
Slide 24 : Michael Addition Copolymerisation of Bismaleimide with
aromatic amino acid hydrazide.
[e) (o)
¢M_,¢ o
.. S -
) ! ) —©
H O H H
o o | I 1 | o o
N—<>r{—N—N
H\_Mg ﬁN_R_Né
Y : :
) ) Y o
o
1 Potymensation
H O H H
o o | 1 | | o o
N«@—C—N—N
ﬁ,,_n_,qik(( )¢N_R_N<X
H H
o o o

Lit.: Stenzenberger, H.D., USP 4,211,861 (1980).



Slide 25 : Mechanical Properties of m-Aminobenzoic acid hydrazide cured BMI, ﬁd?/,

Property Unit Compimide 183 Compimide 795

23°C 250°C  23°C  250°C

Density g/cm? 131 . — 1-32 —
Flexural strength MPa 110-125 58-74 90-110 60-65
Flexural modulus GPa 4-10-4-59 2-3-2-9 5-4 3-30
Flexural strength” MPa 106 - 54 100 40
Flexural modulus® GPa 4-37 3-54 5-5 4-2
Fracture energy, G,  J/m® 150-180  — 40 —

“ Flexural specimens aged in air for 500h at 250°C.

€183 cured in the presence of imidazol catalyst.
€795 cured without catalyst.

Lit.: Stenzenberger, H.D., in Structural Adhesives, Developments of Resins and
Primers, Editor Kinloch, A. J., Elsevier Applied Science Publishers,
London and New York. ISBN 1-85166-002-x.

Slide 26 : Chemistry of Polybismaleimide - amide.

M751

Lit.: Stenzenberger, H.D., USP 4,239,883 (1980), USP 4,269,966 (1981).



3‘2. Stide 27 : Mechanical Properties of Polybismaleimide-amide moulding,

0 0 : 0

_ ek cnf<c:>>~H o

% ¢ OOy f

Resin no.  Formula  Flexural strength Flexural modulus £
mol. wi. (N/mm?) (KN/mm?) (%)
C751-1 1140 220) 4.38 4,81
Ci51-2 790 180 4.65 3.71
C751-3 670 121 4.28 2.68

Slide 28 : Maleimide-Styrene Copolymerisation.

DIEN-TYPE CHAIN EXTENSION

|
N
—o G
0
R E :I } ;0
0 N
\ l @_R,_
l 0
0 /g{'
O/—’L
\“9
“\

DIELS-ALDER COPOLYMERISATION

Lit.: Wagner- Jauregy Th., Synthesis 1980, 3, p.772



Slide 29 : Styrene type Comonomers for Bismaleimides .

CH=CH,
CH=CH, [Til
@) O e,
CH=CH,
Styrene Divinylbenzene 2=Vinylpyridine

CH3

T QAP OB

Vinyl terminated Polystyrylpyridine

oo, o0 0.

Propenyl terminated Arylene ether Ketone

Slide 30 : Synthesis of Bis-(o-propenylphenoxybenzophenone) .

E>>°H+F©g©ﬂ %

K2CO3
N-methylpyrrolidone
160°¢

500D

33

Lit.: Stenzenberger, H.D., Kbnig, P., et al., 32 International Sampe Symposium

32, p.4h4 (1987).




J¥4

(Neat Resin Mechanical Properties).

FRACTURE TOUGHNESS OF MODIFIED BISMALEIMIDES

DIELS-ALDER COMONOMERS

ST=Styrene
D

VB-Ohiyberzene

T™ 122= 4,4'-Bis(o-propenylphencxy Jdiphenyiautfone
T™M 122~ 1= 4,4'-Bis(o—mthoxy.b-owoeﬂm\0xvame

Slide 31 : Properties of BMI/Diels Alder Comonomers

COMPOSITION PROPERTIES
Flex. Str. (MPa) | Flex.Mod.(GPa) | G 1c(J/m?) |WA(%)
Compimide 353 Toughener 23.C 250.0 23.0 250.0 23‘C

100 % 50-70 40-60| 5.5 3,4 30 5,00
80% 20% ST 117 43 3,84 1,73 234 2,88

80% 20% Dv8 114 66 3,59 2,21 180 -
76% 24% ™22 110 64 3,66 2,52 389 3,63
76% 24% TMize-1| 112 79 3,68 2,66 232 3,56

Lit.: Stenzenberger, H.D.,

Lit.

WA=Water Absorption, 500h, 70°C, 84% RH

Kénig, P., unpublished.

(V378A-Graphite Composite Properties).

TEST
0° FLEXURE, ULT, KSIL R.T.
0° FLEXURE, ULT, KSI, 177°C
0° FLEXURE, ULT, KSI, 232°C
0° FLEXURE, ULT, KSI, 288°C
0° FLEXURE, ULT, KSI 316°C
0° FLEXURE MODULUS, MSI, R.T.
0° FLEXURE MODULUS, MSI, 177°C*
0° FLEXURE MODULUS, MSI, 232°C
0° FLEXURE MODULUS, MS1, 288°C
0° FLEXURE MODULUS, MS!, 316°C
0° HORIZONTAL SHEAR, KSI,R.T.
0° HORIZONTAL SHEAR, KSi, 177°C
0° HORIZONTAL SHEAR, KSt, 232°C
0° HORIZONTAL SHEAR, KSI, 288°C
0° HORIZONTAL SHEAR, KSi, 316°C
90° TENSILE, ULT, KSI,R.T.
90° TENSILE, ULT, KSI,177°C
90° TENSILE MODULUS, MS!, R.T.
90° TENSILE MODULUS, MS1, 177°C
90° TENSILE STRAIN, u IN./IN,, R.T.
90° TENSILE STRAIN, u IN./IN., 177°C
+ 45° TENSILE ULT,KS!, R.T,
+ 45° TENSILE ULT, KSt, 177°C
+ 45° TENSILE MODULUS, MSI, R.T.
+ 459 TENSILE MODULUS, MSI, 177°C
+ 45° TENSILE STRAIN, 4 IN./IN.R.T,
+ 459 TENSILE STRAIN, » IN./IN. 177°C
0° TENSILE ULT,KSH, R.T.
0° TENSILE MODULUS, MSI, R.T.
0° TENSILE STRAIN, » IN./IN.R.T.

*5-MIN SOAK AT TEST TEMPERATURE

9.2

S8voma

o
mugﬂ
°

Slide 32 : Properties of BMI/DVB-Carbon Fibre Composites

4 WK, 71°C 8 WK, 71°C
88% RH 98% RH
263.0(1.73)** 2540 (1.78)*°

157.0 1350
20.7 18.4
18.3 15.3
16.1 (1.85)°° 13.7 (1.91)*°
8.0 74
4.3(1.74)** 4.6 (1.87)**
1.40 158
1.60 1.40
0.70 0.85
2,400 3,100
2,200 1,800
22.6 (1.60)** 22.3 (159)*°
15.8 155
3.00 250
1.35 1.34

&x
ll|§§

**% WEIGHT GAIN OF MOISTURE LISTED IN PARENTHESES

Street, S., 25th National Sampe Symposium vol

28
"'§§

25, p.366

(1980).



Slide 33 : Properties of BMI/Bis-(o-propenylphenoxy)benzophenone-Laminates,

Property Fibre type
1360/6000/508 Grafil XAS
A 8
Fibre content z by vol, 67 66 63
0° Flexural strength {MP3)
23% 2036 2106 209
250% 1486 1393 130
0° Flenura! modulus (GPa)
23°%¢ 139 137 133
250°¢ 140 140 139
90° Fiexural strength (MPa)
23% 121 1o "z
250% 89 78 Th
90° Flexural modulus (GPa)
23°% 9.8 3.3 9.7
250% 7.1 6.9 6.4
0° short beam shear strength (MPa)
23%¢ i 108 103
175°C wet 54 52 42
250%¢ Sk 55 55
0345 short beam shear strength (MPa)
23%C 87 81 85
250%¢ 53 58 47
G, (08 test) tind) 210 297
(:25)2905 edge delamination (MPa)
first ftailure 307 259 215
ultimate 461 wn 524
A : Postcure 2h at 210%C, plus Sh at 250°C. B Postcure 12 h at 210°C.

Lit.: Stenzenberger, H.D., et al., 32nd Internattonal Sampe Symposium, 32, p.k4
(1987).

Slide 34 : Bismaleimide/Allylphenyl compound Copolymerisation,

o T

Lit.: King, J.J., Chaudhari, M., Zahir Sheik, 29th National Sampe Symposium,




E;é, Slide 35 : Allyl-phenyl-type Comonomers for BMI's,

CH22CH—~CH) CHp—CHxCH)

CT3 o o'-Diallylbisphenol-A
HO (l: o (DABA)

CH3

Lit,: Zahir, S.A., Renner, A., USP &4, 100, 140 (1978).

| s
/é ™ 120, ™™ 121
R-Ar-R

Stenzenberger, H.D., et al., 7th International Sampe Conf., Europ. Chapter
Materials Science Monographs, 35, p.141, (1986) Elsevier.

Lit.:

Slide 36 : Fracture toughness of BMI/Allyi-phenyl copolymers
(neat Resin),

o———o DABA

Oo—-0 TM 120
L——t TM 121

600 &4

E
& Loo 4
=,
(=]
=2
=
o)
200 -

e

3 } 3
=T 1 T T

oughener concentration (% by weight
20 30 40 50 T ion (% by weight)

Lit.: Stenzenberger, H.D., unpublished.



Slide 37 : Bismaleimide/ Benzocyclobutane Coplymerisation.

Isomerisation

| TN

Homopolymerisation l
c 0
' g |
5 N
.é (/V _
=
&
8 0°
|
N —
|
(0]

Lit.: Loon-Seng Tan, Arnold, F.E., ACS, Polymer Preprints 26(2), 176 (1985).

Sltide 38 : Bismaleimide/Biscyclobutane Copolymers
(Thermal Oxidative Stability).

ISOTHERMAL AGEING (AIR; 650°F; 200 HRS)

100 .
A I T 88%
AN By === -
* A Ay aata g - 87%
- ~ el ol e oy e g —
£ o} s e xssoa-2 990
S - .. MOLAR RATIO TOTAL 6%
e . BCB K353 %WT LOSS
by -~
o eor s 1 o 12! )
& - Y 1 1 13¢ )
S~ 1 1.5 14(—-—)
; 401}- S 1 2 22{-—~—~-)
Q ) Sl 1 3 24(aaa)
w - “~._ 0 1 94(----- )
2 ok e
- T 6%
c [} [ Kl | [} 1 ' . 1 ] 1 1 [ 1 | 1 ' [ |
80 100 150 200

TIME IN HOURS

Lit.: Loon-Seng Tan, Soloski. E.J., Arnold, F.E., ACS, Polymeric Materials

Science and Engineering. 56, p. 650 (1987).



3£ Slide 39 : Synthesis

of Acetylene terminated Monomaleimides.

2o
Route 1

llouu Il Route 1II

o} l 0

l
bfet go~od

o o H
v - N CECH
O @O e Qen 0D
H
0 [¢]

Lit.: a)P.M. Hergenrother, S.J. Haveus and J.W. Connell, ACS, Polymer Preprints
vol 27(2), p.408 (1986).

b)Stenzenberger, H.D., Kénig, P., unpublished.

Slide 40 : Synthesis of Allyl Ester terminated Monomaleimides.

o
I
'%N—Ar
o
No. —R—* M.pr  AH®
C) Jlg)
?
l
01 —]/O\*—O—C“:-(“i“: : 116-119 240
\\//

O

o}
0-2 O_(—O_‘CH"—‘CH:CH’ Honey 228
0
QN —CH=CH.
o3 @c O—CH t S50 —

9 },l X o

—N !
3 N‘@-&-—(I‘—O—CH;—-(‘Hz(‘H: 136-139 226

O H

Conax? 9-102 120
- ‘@C(‘_o—cu,_cnﬂu, -

O H

. o

\ N "

(-6 J(«"/\/( ‘\_@—('-(p("n;—(‘nz(‘n, 145140 —
N/ SNITUX

Le

|
L

§
l‘.

0-5

QL

“ X shows the pasition of substitution.
" AH. heat of polymenzation

Lit.: Stenzenberger, H.D., in Structural Adhesives, Development of Resins and

Primers, Editor Kinloch, A.J., Elsevier Applied Science Publishers, London
and New York., ISBN 1-85166-002-x,



Slide 41 : Synthesis of Benzocyclobutane terminated Monomaleimides, ;3}2

o .

O™ — m___ E@“@ (1)
1 o

. . ]

Ty TR e - RO ©

'{‘@:’S_CD (3)

Lit.: Loon-Seng Tan, Soloski, E.J., Arnold, F.E., ACS Polymer Preprints,
vol 27(2), p.240 (1986).
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Structure
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POLYMER STABILITY

Name

Quinazolinedione

Pyromellitimide

Phenylquinexaline

Flexible Imide

Benzthiazole

Benzaxazole

Benzimidazole

Nominal temperature for
5% weight loss,
oc

SY4)

5

50

Relative

560

550

540

520

stability

M 1. Bessonov: “Polyimides, A Class of Thermally Stable Polymers', Leningrad Press }

Aromatic diamine

SYNTHESIS OF POLYIMIDES

0 4]
0 - 0

Reactive &
chain stopper

]
0
n

Low MW prepolymer

!

Crosslinked addition P}

7=

Aromatic dianhydride

0 0
]

1l
HN—C: : : C-NH-Ar
HO-C z C-OH
i i
0

4]
High MW polyamic

Al (-HZO)

Linear Pi

983.

acid

e i,
e PP .
et e ot
P el
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POLYIMIDE PREPARATION

O
— C NH- Ar - NH
- ;
0 0
1 'c' : u ’
SOLVENTS
CONVENTIONAL ETHERS
Dimethylacetamide Dioxane
N-methylpyrrolidone Tetrahydrofuran
Dimethylformamide Diglyme
Dimethylsulfoxide Triglyme

Hexamethylphosphoramide

THERMAL RESISTANCE

Rooe 1 i 8 f
"0 00w~ > - O b wr- >

I 1] It il il 1]

0 0 ' 0 0 0 0

e n e PN 0 0
0 O SO

I n i il 1 1]

[4] (4} [ o ] 0

Adrova, Bessonov, et al. Polyimides: A New Class of Heat-Resistant Polymers,
Leningrad, 1968. — —




POLYMER REVERSIBILITY

43,

BLOCKING REVERSE REACTION

+ “2”'@'”" ' i

‘ &
'\/ . Il
R | i
&:@\Nh ' ok
o
0 “Major influencing factors
Acidity of Proton
Basicity of Amide
Nature of Solvating Medium
AMINE BASICITY AND RING CLOSURE
Polypyromellitimides
Amine Structure pka Rate constant, g/ mole-sec
~Or 6.19 . 0,205
_@ 4.88 0,172
—@NH-@— 5.8 0.315
@ 0 @ 4.7 0.200
_@cﬂz_@_ 4.68 0,184
—@s—@- 4.03 0.193
~0rs0,~<O- 2.03 0.09
_@0_@0@_ 4.63 0.389
S.V. Lavrov, et al., Vysok. Soyed, Al9. no.10, 2374-2378. 1971
HYDROLYSIS
Relative rate of hydrolysis
Polymer in 0 5N NaOH at 90°C
ok
’“C@C"H ~O) 25
P
0 0
1] 1]
QU000 119
¥
P
ICCHO~-0--0--0~0r 10
P
P! 0 0
- 3Ot ~<O)-o—AC-c-ww 3.03
1 il
o 0

N.A Adrova, etal.: Vysok. Soyed., B20 (5) 1975 pp.409-412
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0
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f
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CHEMICAL CYCLIZATION

0
I H
~

1 Base

2. Ar. / \ Base/Ac \

II
0

O 0 And

w@c@w_w@s@w

CYCLODEHYDRATION
0
it
N
" @I:OH@"”‘
g Bise
0

MIXED ANHYDRIDE / IMIDE

0
nt

Tl / \6 A Thermodynamically
OH A ”o Ve favored 0

Crosslinked ~—— Linear



IMIDE ASSOCIATIVE FORCES

0 0
I It
O—0© QO
1} [\}
0 0
Mp - 210°C Mp - 238°C
0 0
\ I
IO
1
0 0
n
Tg > 400°C

CHARGE TRANSFER IN IMIDES

Y5




ELECTRON AFFINITIES
s S S
0 [ 2 0 0 0
©F Uy Oy

190ev 157ev 155 ev

scree scpcace

138ev L30 eV 119 ev

Pebalk, Kotov, Neyland, 1/A, et al.: Reports from Soviet Academy of Sciences,
1977, 236 Na. 6 pp. 1379-1382.

Svetlichnyy, Kalninsh, Kudrayautsev, and Kotov: Ibid, 1977, 237 No. 3
pp. 612-615.

DIAMINE IONIZATION POTENTIAL

HZN_@_NHz HzNNHz HZN_@o.@_ NH,

685 ¢V 7.01ev T22ev
HN NH, 0
" wobon
7.0 eV L68ev

Kalninsh, Solovyeva, Belenkiy, et al.: Reports of The Soviet Acagemy of Sciences,
1972 204, No. 4, pp. 876-878.

EFFECT OF STRUCTURE ON DENSITY

0 0
0 0 n

Diamine Density, glcc :
3 parts m-phenylene 1. 424 l
2 parts m-phenylene 7
1 part  p-phenylene 143 ’
1 part  m-phenylene 1 426
2 parts  p-phenylene
3 paris  p-phenylene 1.472

I. K Varma, R. N. Goel & D. S. Varma:
J. Poly. Sci., Chem., 17, 703 (1979)



EFFECT OF BRIDGING GROUPS
ON THERMOOXIDATIVE STABILITY

Horat oo}

TO INCREASE STABILITY:
y SHOULD BE ELECTRON WITHDRAWING - LARGE EFFECT
-CF,m, =507, €0~ > -0 > ~CH,-

X SHOWS LESS EFFECT BECAUSE THE AROMATIC RINGS
ARE ALREADY DEACTIVATED

EFFECT OF BRIDGING GROUP
ON GLASS TRANSITION TEMPERATURE

fo'al o-o1

]
-o—@-O— 0°C |
D)o \

—s— 265°C !
—0— 270°C
—Co— 280°C
—S0,— 310°C

EFFECT OF ISOMERIC ATTACHMENT
ON GLASS TRANSITION TEMPERATURE

AMINE ATTACHMENT Tg, °C
2,2 ’ 289
2,3 259
2,4 289
33 264
34 282
4,4 263

BELL, et al, J.POLYM. SCi. 14 p. 2285, 1976

y7




IMIDE DILUTION
_(/ y EFFECT ON GLASS TRANSITION

{poeio-of -
{o-®0}-o-6}
Nf;(@/o \(C)::N_@O_@_O@% 1g = 250°C

EFFECT OF AMINE STRUCTURE ON Tg
CF

:[@ @CN—M

|

INHERENT

Ar 1g. °C VISCOSITY
Clo 365 0.64
37 0.40
~©- 326 0.3
) 27 0.41
2% 0.46
~ors<o- 283 0.3
—@0@—0@— 229 0.3

GIBBS AND BREDER, POLYMER PREPRINTS, VOL. 15 NO.

-—

EFFECT OF AMINE FLEXIBILITY

Diamine Dianhydride Tg. oc

PMDA 7]

HZN 0 0 NH2
AOARCAO AL I I
@ 0 _@ PMDA amn

BTDA 23
" PMDA 250
s:}o{:}c—{:}o-@
BTDA 25
H NH
2 2
Chy PMDA oY)

O30 O2C);
NH2 CH3 NH2 BTDA 208

Polymers from Mitsui Toatsu Fine Chemicals




EFFECTS OF FLEXIBILITY IN THE ANHYDRIDE

;@«@@-N-
sopoce

—_N/

°’%>°©u%°

/ N—Ar——

Tg, °C

237

209

263

226

(N 3” ‘SN—Ar——
Ar=

NASA CR 145007, JULY 1975 GENLRAL ELECTRIC

REVERSED AMINE/ANHYDRIDE STRUCTURES

@°@°@~i:ﬁ©5—
_N?@"@g @°@%N@
@°@ﬁ@°@~i}@&~—
PO eI |

NASA CR-145007, Genera! Electric Co., 1975
°< Mitsui Toatsu Fine Chemicais

79.




Jo. CRYSTALLINE TRANSITIONS
Calculated® Observed

ﬂ ﬁ Structure TM' of TM' oc 1g, °C
OO~ 1027 (02)
A
11 .
-JOO-0-0- &7 821 571
H 0
e 9
-_JOU00r 592 597 3m
A
0

O O-0~0- @ a 2n

M L. Bessonov, e al.: Vysok. soyed., A20(2), pp. 347-354 (1975}
*from Beaman relationship T,, = 0T, where @ = 13;J. Poly. Sci., 90),

pp. 470472 (1952) Mo
PLASTICITY/RIGIDITY
Rigid unit' length. Tlavg.
between h&nges.l molecular
0 [ 10.l M radius
1] I ———————— ————
-0~ 00~ 180 6.4
IS Tg= >350
1 8
-0 OO~ 1.5 -39
6 5 Tg =270
11 11
000 ke -30
" H
0 o Tg=230

-@{i’ff@) g1 28

o Tg=200

:EEH)
17
H Tg=205 56

3

A.S. Argon and M |. Bessonov: PES, )1 (3), pp174-182, 1977

POLYIMIDES WITH PENDENT ALKYL GROUPS

b
~C N
*c@ .@C’h
] f
0 o -0
SAMPLE: FIw,
VACUUM CURE/ 280°C
ELONGATION ATMOSPHERE: AIR
dl _ O~ .
o« $°C/ min
Y
L L | 1 3
0 150 200 20 30

TEMPERATURE, °C
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SOLVENT ENHANCED BASICITY

_0_@ o
)
/ \

c—o ‘
C~c c—t |
DIGLYME \
CH—0—CH, CH,~0-CH, CH,—~0~CH, =—DIGLYME
y
O

THF DIOXANE

EFFECT OF MOLECULAR WEIGHT BLENDS
ON VISCOSITY

10° -
Log viscosity,
Pa-sec
1:1
— Mixture of high/low
10° I

25,000
Molecular weight

EFFECT OF MOLECULAR WEIGHT BLENDS ON GIc

€ e — Mixture of high/iow

!
25,000
Molecular weight




LOW MOLECULAR WEIGHT ADDITIVES IMPROVE
PROCESSABILITY OF POLYIMIDES

DIAMIC ACID ADDITIVES

0 0 e 9
1 1
C - HN NH-cI@ NH - C C-NH—@
@C'OH Ho-(l;l HO'E:@ﬁ'OH
1l
0 0 0 0
POLYMER COMPOSITE
VISCOSITY PROPERTIES MECHANICAL PROPERTIES
W'y o @ P
O 4&N/An-BIDA-AR 15~ w2%
© 4&22/An-PNOA-An An-PAMDA-AN
r © 2/PApPOA-PA
W’F TPHM T:I(M)
:’Sﬁf&' f 10- An-PMDA-AN
Pa-sec | Short beam
'] shear strength,
W0E (3 Ksi
\\o [
R A .

Strain rate, sec-! 3] 17rC

DECREASE CTC INTERACTIONS

feperegey

To lessen CTC interactions

® Make X electron - donating
® Make Y electron - withdrawing
® Make X andlor Y large, bulky groups

® Make X andlor Y with kinks to distort packing



INCREASE GLASS TRANSITION
AND MAINTAIN LOW CTC

@N@Y\@@X}

® Make X and Y dipolar groups
® Make X and Y large bulky groups

® Make X and Y attach in ortho positions

METHODS TO IMPROVE FLOW IN POLYIMIDES

® INCREASE DISTANCE BETWEEN IMIDE RINGS

® INCORPORATE FLEXIBLE META LINKAGES
® INCORPORATE BULKY BRIDIGING UNITS

® CONTROL MOLECULAR WEIGHT

53
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HIGH Tg POLYIMIDES
COMMU?CIAL SYSTENS TRW POLYIMIDE TECHNOLOGY

0 0

1] i 'OLYIMIDE FROM BFDA DIANHYDRIDE
" IO <o)

" 1

0 0

o ")
c .
n ~ €~ 7
\Em" C'J -@C ,N -@_ IS
xapTon ® (ouponT) ° é |
Tg - 248°C ll
THERMAL STABILITY. poOR ‘
3@°” |
POLYIMIDE FAOM BDAF Diam
NOLIMID A380 (RHONE -POULENC) 9 0 HAmNe
0 #H CF . -'
N ° it o
Scliogi i okdoy
0 0 CFJ
Ty -288°C
THERMAL STABILITY. ExCELLENT
G. E. ULTEM

{ii@m@}n i

® DILUTED IMIDE CONTENT
® BULKY BRIDGING GROUP
® FLEXIBLE DIAMINE



LANGLEY DEVELOPED POLYMERS

noo8 0
n
P 4 C\ 0
X JO L ot
c ("
il [T
0

; .
LARC-TP]
0 0 0 \
1} (] il
I er
Ne c/N_©'SD(
1] I
0 0 n
P1S02

A SILOXANE CONTAINING THERMOPLASTIC POLYIMIDE
o CH3 CHS
{ @ @ @ N—R—Sl—o—Sk—R
HS CHB 'm
¢ improved solubility
¢ High adhesive stréngth

¢ Superior quality moldings

Effect on processing temperature
300

Processing
!gmpera:u e, 200

0O 20 40 60 80 100
Percent Sio:

5.



SOLUBILITY OF ODPA POLYMERS

DIAMINE NMP m-CRESOL  DMF
DABP ALL ISOMERS INSOLUBLE
MDA ALL ISOMERS INSOLUBLE - SOME

SOLUBILITY OF N2 CURED FILMS
24" - 0DA SOLUBLE | SOLUBLE VERY SOLUBLE

4.4 - 0DA SOLUBLE SOLUBLE J INSOLUBLE J

POLYMER DECOMPOSITION TEMPERATURES

DECOMPOS ITION TEMPERATURE, OC

DIANHYDRIDE
DIAMINE ODPA BTDA
m,m' - MDA 510 510
m.p' - MDA 510 495
p.p' -~ MDA 505 490
m,m' - DABP | 520 530
m,p' - DABP 510 530
p.p' - DABP 520 525
p.p' - ODA 505 -
o.p' - ODA 515 -

2PCIMINUTE - aTidt 1N AR

EFFECT OF BRIDGING GROUP
ON THERMOOXIDATIVE STABILITY

TIME TO 504 WL IGHT LOSS, HOURS *
Y X
3
-0~ L~

-0~ 85 80

0

" 165
L~ %

* 350°C INAIR



USSR DPO THERMOPLASTIC POLYIMIDE

PROPERTIES
e Tg-270°C

o MOLDABLE AT 370 - 390° C AT 500 - 2000 ATMOSPHERES (FOR VERY COMPLEX SHAPES)

0

0

DPO

o STABLE AT 390° C IN A MOLD FOR 1 hr (REMOLDABLE)
STABLE AT 380° C IN AIR AS A FILM (NO CHANGE IN STRENGTH OR ELONGATION!
AFTER 3 hr AT 380° C IN AIR AS A FILM, 10%L0SS IN STRENGTH AND

50% L0SS IN ELONGATION
o VERY STABLE TO UV (BETTER THAN KAPTON)

» MOISTURE UPTAKE 0.5 10 0. 8% (SURFACE ABSORPTION)

o CROSSLINKS IN 400 - 450° C RANGE

TANGENT OF THE DIELECTRIC LOSS ANGLE IN THE RANGE 20 - 200° C 1S 0.001 - 0.003

n

« VOLUME RESISTIVITY - 1017 ohm-cm AT 20° C

10™ ohm-cm AT 200° €

POLYARIMIDES - USSR

+o-0ob-0-0-0}

THIRMOPLASTIC, Tg = 200°C

N. A. ADROVA, et al; POLYIMIDLS 1970

GLASS TRANSITION TEMPERATURES

OXYDIANILINES

prImCcEe

DIANHYDRIDE
ODPA BTDA
DIAMINE o o
Tg. c Ninh Tg. c
TBA TMA T™A
p.p' - ODA 260 270 0.77 219
o.p' - ODA 253 264 0.77 287

t

57




RESULTS OF AMES BACTERIAL MUTAGEN TEST

: | Qe Q0 20, 00 P Qe

Cﬂz teeee ‘e ‘e 4 - -
c=0 22 teted teee - - -
502 . NT . - - -

0 N 12227 (22223 ‘e e ‘e N1

CODE: ¢ +«++ = VERY STRONG MUTAGEN; ++++ = STRONG; +++ = MODERATE;
++= LOW, + = VERY LOW, - = NONMUTAGENIC, NT = NOT TESTED

SOME MAJOR REFERENCES OM POLYIMIDES

POLYIMIDES: SYNTHESIS, CHARACTERIZATION, AND APPLICATIONS, K. L. MITTAL,
EDITOR, VOL. 1 AND 2, 1984, PLENUM PRESS, NY.

POLYIMIDES - A CLASS OF THERHAL&Y STABLE POLYMERS, M. . BESSONOV, 1983,
KAUKA PRESS, LENINGRAD. (ENGLISH TRANSLATION, NASA TM-77919, LIMITED
DISTRIBUTION)

POLYIMIDES - A NEW CLASS OF HEAT-RESISTANT POLYMERS, N. A. ADROVA, M. I.
BESSONOV, L. A. LAYUS, AND A. P. RUDAKOV, 1968, LENINGRAD (ENGLISH
TRANSLATION BY ISRAEL PROGRAM FOR SCIENTIFIC TRANSLATIONS, 1869,
JERUSALEM)

HEAT-RESISTANT POLYMERS, J. P. CRITCHLEY, 6. J. KNIGHT, AND W. K. WRIGHT,
1983, PLENUM PRESS, NY.

POLYIMIDES IN ENCYCLOPEDIA OF POLYMER SCIENCE AKD TECHNOLOGY, C. E. SROOG
(H. F. MARK, N. G- GAYLORD AKD N. M. BIKALES, EDITORS), 1968

POLYIMIDES, C. E. SRO0G, J. POLYMER SCIENCE MACROMOL. REV., VOL. 11, P.
161, 1976.

POLYIMIDES: SYNTHESIS, CHARACTERIZATION, AND APPLICATION, M. R. GUPTA AND
W. D. WEBER - CHAIRMEN, COPYRIGHT 1985 BY THE SOCIETY OF PLASTICS
ENGINEERS.
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POLYIMIDES IN PACKAGING FOR ELECTRONICS Semiconductor Packaging — High Performance

Donald C. Hofer

K91/801 .
hi
IBM Almsdes Research Center Q c p

San Jose, CA 95120 6099

o Introduction

© Microelectronic Packaging Technologies
Module

o High Temperature Polymers in Packaging

©  Summary

Board

Semiconductor Packaging — Low; Medium Performance

[T

ELECTRONIC PACKAGING TYPES

=\ i i
Carrier o Chip - Board

o Chip - Carrier - Board

o Chip - Carrier - Module - Board

o Chip - Module - Board

Board
o Chip - Module




Lo

TYPES OF MICROELECTRONIC PACKAGING
UTILIZING HIGH TEMPERATURE POLYMERS

CHIP MULTILEVEL METAL INTERCONNECT
POLYMER INSULATOR REQUIREMENTS

CHIP MULTILEVEL METAL INTERCONNECT
POLYMER INSULATOR REQUIREMENTS

© Chip Multilevel Metal-Insulator Interconnection

© TAB Chip Carriers

© Ceramic Modules with Thin Film Wiring

o Direct Chip Attach Card

o Flex Boards

o High Performance Cables

© Process Properties

@ Chemical Resistance

- Photo Resist Solvents
- Photo Resist Developers

- CQleaning (HF, H1O , chiorocarbons)

- Meta! Etchants

e Spin Application

e Thermal Cure

o Adhesion

® Silicon Nitride, Silicon Onide, Si. Al/Cu-Si

& Thermal Stability
® Chemical Stability

e Influcnce of Stress

Physical Properties

o Insulator - Low Dielectric Constant, Loss

® Thermal Suability

- Al/Cu-Si Anneal
- Thermal Bonding to Carrier

® Glass Transition Temperature

Modulus

o Strain at Break

® Coefficient of Thermal Expansion

% PROPAGATION DELAY

FEOL
CHIP BEOL
120 T T T T T T )
10} /‘
el e D
80 /0?.
oce

80 /e

o
70 A _./
60 + /O/‘

o9
sof /o
S/

a0r o
30 4 | - - o 4.

o] 1 2 3 4 5 6
DIELECTRIC CONSTANT

O S PROPAGATION DELAY

7

® RELATIVE PROPAGATION DELAY

2.8
2.6
2.4
2.2
2.0
1.8
1.6
T4
1.2
1.0
0.8

RELATIVE PROPAGATION DELAY

Polyimide

~—Si;N,



TAB CHIP CARRIER POLYMER REQUIREMENTS

- Chip

© Mechanical Properties

’
Thermal Compr. Bond
[

¢ Strength for Tape Handling
e Brittleness for Punch Patterning B5E7

TAB
D Chip Carrier
e Thermal Expansion Coefficieot /7=
o Chemical Properties /
e Etch Patterning Solder
® Resistance to Photoresist Solvents & Developers /
e Resistance to Cu Etchant 4
® Resistance to Solvent Crazing ST — 7/
/ - 7
o oS- OO0 o 3z o/ PCB
o’ = ===
© Adhesion to Cu ,.-/,_., = jua—é S oTb // Printed Circuit Board

c Thermal Stability

e Inner Lead Bonding Process
o Quter Lead Bonding Process

VAl T .
o 103 b O ./ -
I F / B
o C v 1
g [ 0 ® ]
st/ o’ B
= L s ]
8 Q /. i
— o
> 7
g 2 ® |
2 10 ./ .
w E 4
= t ]
o © ]
- + 4
z
w L -
o

10 3 [ 1 Y 1

10° 10° 10"

DEVICES/CHIP (random logic)

TAB

Gult Wing PLCC 1/0=AN x
U= d
A=25
x = 0.6
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TAB Inner Lead Misregistration

MODULE MULTILEVEL METAL INTERCONNECT

POLYMER REQUIREMENTS

INNER LEAD BOND I/O s

AL= Ao x AT x L

800

800 |-
700
600 |-
500 -
400 -
300
200

100

1 1 1 I 1 |

o]
0

5

10 15 20 25 30 35
TAB SUBSTRATE TCE (10" %/C)

® 1/0s
O PITCH0.16 in. chip}

40

o N A O O

PITCH {ms)

Thermal Stability

e TAB Chip Attach Temperature
s Direct C4 Chip Artach Temperature

Mechanical

o Tensile Strength to Withstand 10% Strain
Adhesion

o Meuls Cu, Cr, M, W

e Alumina Ceramic

¢ Self Adhesion

Chemical Properties - Resistance

e Sohvent Crazing
o Photoresist Solvents & Developers

e Cu Etchants

B Y Sugra Pan - Cotewa
Cocarmc
Fa-—‘t‘-'m
O,RIE
/Cu Barrier
Polyimide T
= ‘/ -
7 %% %
/ // /4//;/7 / / :
Substrate

Thin Film Module
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FLEX BOARDS IN MICROELECTRONICS A n-_N @ . _@_ _@ o {» .
H"O C :

C O—H
O

o History i A

e Utilized in Consumer Products
® Applications in PCB’s are Bent
e Automotive Electronics

® Recent Use in Personal Computers

© Mechanical Properties - Similar to TAB

o] o

u g Ccry
’ N !
\ H
¢ " CFy

0 o]

o0 Thermal Properties - Solder Temperatures PMDA-BDAF Polyimide

© Chemical Properties
® Cleaning Soivents
& Solder Flux

® Photoresist Solvents & Developers

® Solvent Craze Resistance o) CFy (e}
il i 1l
@ c C CF
/ 1 \ i
N CF, N o
e ¢’ !
I i CFs

o o Am Hoechst Polyimide

o
—N c c—N@o
HO—C C—OH . UL

Low Thermal Expansion Polyimide

e Structure (BPDA-PDA)
N—C C-N N
”
HO—*C —OH
O
lA
o) CFy4 0
PP ]
/ ] \ © o
N CF, N o N N N
\e c G ¢
il il (I:I)
o) o}

DuPont PI2525

(o] o]
i I
\
OO
s ¢
[e] [e] N,

PMD4-ODA

]
=0
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DIELECTRIC CONSTANT (ambient T,H)

DIELECTRIC CONSTANT

3.5
i

3.3
3.2
3.1

3.01

2.8
2.8
2.7
2.6

L T T

i, A

2.5

10

3.5

10°
FREQUENCY (Hz)

® PMDA-BDAF
& PMDA-ODA
v PPQ

3.4
3.3
3.2
3.1
3.0
2.9
2.8
2.7
2.6

T

T

T

2.5

PMDA .0ODA

pra |

PMDA PDA
BPDA PDA

@ —@ DRY 10 VVET

PMDA -BDAF |~

Frequency (Hz)

PMDA-GDA
BTDA-ODA
PMDA-BDAF
HFPDA-ODA
Hoechs:-6F
BPDA-PDA

PPQ

Thermal Propertics of Polymers

T 00

>400
320
330
oo
325

>400

370

04
10
03

06

03

.04

Wt Loss/hr. (400°C, N))

76.4 }- Isothermal TGA at 400°C, N, T
76.3 -
76.2
LT,- 76.1
=
2 350
759 .
758
. I Lt b3 by
%7 20 40 60 80 100 115
Time (inin )
DMA
] 1 T LS l 1 T l T L] i ] ¥ L T l L 1 1 |
20
18
16
14+
12
10F
-
6 PP B [T S U SRR
40 120 200 280 360 440
Temperature (°C)
PMDA-BDAF




8PDA-PDA TEC (102 Cy

g
'8; 100 T T T T T T T 24
~ 90}
‘B
2 sor A 423 _
]
8 0} s
3 £
g 60 |- 4 22 &
50 | #
5 8 D %
_\
g 40 O 4, w
% 3o} O-\ 2
2 © P
& 20} A 4 20
<
z 10f
<
E C L A i 1 1 H 19
» ¢ 1 2 3 4 5 6 7 8 g
TIME (hours at 400C)
O PMDA-ODA STRAIN AT BREAK
O PMDA-ODA MODULUS
A PMDA-ODA TENSILE STRENGTH
Physical Properties of Polymers
Tensiie Mod. Str. at Break Tensile Str. TEC
(Xpsi) (%) (Kpsi) (10-4/°C)
PMDA-ODA 440 45 25 as
BTDA-ODA 150 15 22 40
PMDA-BDAF 410 12 14 36
_HFPDA-ODA 300 50 18
Hoechst 6F 265 10 16
BPDA-PDA 1,280 34 56 5
PPQ 550 27 st 3s
"N —r T T T
an
20 |
10
40 B0 120 160 200 240 280 320 360 40U 440 480

Temperature {°C)

65

4 heating cy!

cle

= coolng cycle

OMTA — BPDA PDA
10° C/min.
460°C cure
10.0 prmpmrerprrer T T T rrrer 05
85 04
= 90 <403
e <
w 1 3
& 85} do2
80} _\/"‘__ 01
N | FUWE BT | | { !
0 50 100 150 200 250 300 350 400 450
Temp (°C)
Polymer
Property KAPTON {H) PMDA-ODA SBPDA-PDA Exp Pt-t
Tensile 25 22 58 30
Strength (Kpsi) {20-45)
Tensile 430 440 1.100 740
Modulus (Kpsi) (450-1607)
Stramn at 75 45-75 35 27
Break (%) {4-75)
tec 20x10°€ 40x10°6 16x10°6 16x10-€
(-4-40)x10%
Therma! Stab 0.04 002
(% 1 hr @ 400°C})
10 T 1 T
8 - A -4
5
< ‘\
w
w
o -
I
< \
o
o
a 4T “\ a
o \.
g 7Y
a -
\ aadss 2
2+ IA "!, E
A
4. ‘\‘«m
»
o 1 L J
[o] 100 200 300 400
TIC)



Modulis PMDA-ODA (ksd

BPDA-PDA Stress(ksi)

500
400 + 7

300

\.
\.
200 \

~,

.. .
\A\‘
100 |- 7
[¢]
0 100 200 300 400
TIC)
4 relaxaton moduss
® tensie modukss
s T
(-} o . 1
7
A
o N\ 1
A
4
2t ‘.\ .
M"ll Regpat
AL L ¥
or N A_“A“.AAA“‘E
_2 ) ,
o] 100 200 300 400

TIC)

4 heaung cycle
® cooing cycle

PHOTOSENSITIVE POLYIMIDES

PHOTOSENSITIVE POLYIMIDES

¢ Inherently Photosensitive Polyvinrides

+ 365 nm exposure
v benzophenone carbonyl excitation
+ hydrogen abstraction from CHy

4 cross linking with —CH,

PHOTOSENSITIVE POLYIMIDES

o0 Patterned Dielectric Uses
o Chip & Barrier
o Multilevel TAB
e Thin Film Module

© Required Properties
® Physical - Same as Polymer Dielectric
o Lithographic
- Imaging at 365436 am
- Negative and Positive Tone

©  Polvamic Esters

{“ —0¢ "%

/O C C-—O\

o

+
Photo free radical initiator
¢ b
Cross link - acrylate groups
¢ solvent image devclopment
4 Thermal imidization

picsacsey



PHOTOSENSITIVE POLYIMIDES

o P itive Pohimide E

o Polyamic Acid Ammonium Salts

% C_N—@
o he C e 0" E
C"" ‘C‘;v

o o, Cly\
[ad Cay

+
Photo free radical initiator
4 he
Cross link - acniate groups
4 solient image development
¢ ‘thermal inudization

Q-

{; OCL)/

PHOTOSENSITIVE POLYIMIDES

SUMMARY

o lmprovements of Commercial Materials

e Positive Tone Images

e Reduced Cure Shrinkage

e Improved Mechanical Propertics
- Modulus

- Strain at Break

e lmproved Thermal Stability

Wide Utility of High Temperature Polymers in Elec-
tronic Packaging

Technology Requirements Vary but Include Unique
Combinations of

o Thermal Stability

® Mechanical Properties
@ Dielectric Properties
® Adhesion

® Chemical Resistance to Process Solvents
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DEVICE DIMENSIONS ARE SHRINKING
»aun Small devices work faster

»un Small devices improve VLSI capability

BUT

s CANNOT SHRINK CONDUCTOR THICKNESS
»»n Need to maintaln conductor cross-section
»unInterconnect resistance

»un  Electromigration

THEREFORE
*" MUSTPLANARIZE SUBSURFACE TOPOGRAPHY
»»» Lithographic precision

Ny tep coverage

oo L'UST BE ABLE TO ETCH VIAS WITH NICE SIDEWALLS

POLYIMIDES HAVE THESE CAPABILITIES

Polyimide

OTHER PROFPERTY REOUIR

in
i

LOVW DIELECTRIC CONSTANT

LEMTED MOISTURE ABSORFPTION

»en o Limited in amount

»or o Limited in degradative cficzrg

GOOD INSULATCR

NCT A SOURCE CF COHNTALMNIANTS

pan Heavy metals - scurces of aipra part
Mobile cations, such as sccium -- dovw
B Mobile anions, such ac chloride .- corrzg o
THERMAL STARILITY TOA4CZ C - back-end Frccoss
CHEMICAL STABILITY TO ALL PRCCESS CHErvcas
IMECHANICAL TOUGIHHIESS (high ttimate stran.

ADHESICN TO A VARIETY OF MATERIALS

Plorarizction= - -rl




A RELEVANT CASE HISTORY

Thermal Silicon Dioxide

se® The GOOD news:
»» A superior insulator
»»  Easy to produce (just “rust” some silicon)
»» Passivates the siticon surface (if done right)
»3  Thermally snd chemically stadble

3> Can be etched and patterned

®** Tne 8AD news

» Requires high temperaiure processing, which can
move dopants around

»» Creates residual stresses

33 The interface with silicon can be murdered by
Righ temperature process sequence

»» Readily éegraded Dy piasmas, £-deams, ang UV
23 Poor sdhesion Lo certain erganics (photoresists)

9> LOVES sedium -- lets it move around eastly st
ordinary device temperatures

GOALS AND STRATEGY

**s GOALS
-~ To understand the PROCESSING and PROPERTIES

of polyimides a8 they affect device use

oo STRATEGY

--  PARTITION THE PROSLEM

-~ DEFINE PRIMARY VARIABLES

.- DEVELOP REPRODUCIBLE TEST METHOOS FOR EACM
-+ STUDY THE VARIABLES INDEPENDENTLY

- THEN STUDY INTERACTIONS AMONG VARIABLES

777 WHAT'S THE POINT 777

THERE ARE THREE POINTS

[1] 1f the GOOD properties of 3 matertal are GOOD ENOUGH,
then it s worth gesigning 3 process sequence that
2)  exploits the good properties, and

b)  controls the bac properties.

{21 11 1s unltkely that a ncw material can simply SUBSTITUTE

into an existing process, decause the new materiat hasa

Glllerent set of good properties and bad properties.

3] 'The only way to use 2 new material SUCCESSFULLY I3 to
8)  STUDY THE PROPERTIES, both good and bad, and

®)  DESIGN A GOOD PROCESS based on the resuits

3> THIS IS THE CASE FOR RESEARCH  ¢¢

- Wty mvFs

THE CASE FOR REPRODUCIBILITY

Polymers pose 3 difficuit research problem

2> Thetr properties are very history-oependent:

-=  Processing

== Thermai cyciing

Moisture exposure

- Applicstion of electric fieids

THEREFORE »» UNLESS YOU REPRODUCE THE HISTORY,

YOU CANNOT REPRODUCE YHE RESWLY it

»» REPRODUCIBLE PROCESSING 1S ESSENTIAL

--  Suybstrate preparation
== Dilutien

Application conditions
bt Acceteration

==  Spin speed

s Spin ime

s Ambient humidity
-~ B-stage conditions

--  Cure conaitions

3> REPROOUCIBLE EXPERIMENTAL SEQUENCES ARE ALSO ESSENTIAL

re

Iy
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TEST STRUCTURE

VOLTAGE

IDEALIZED POLYMER BEHAVICR

¢ APPLIED VOLTAGE AND CURRENT RESPCNSE

79
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INFLUENCE OF MO!STURE

ON POLYIMIDE CONDUCTION

LOG «LURRENT)

LNG (AMPERES)

-0 ; . . . .
'PMDA - GDA
o} CHARG ING
TeSC ¢
= Ve3sS vy
-0 b ‘\\\ te3. 3 um
-t ... e et
-12} el
e bRy
13}
14}
e ° ) z » P
LOG(TIME) voceseconos
HUMIDITY EXPERIMENT
TRANSPORT CURRENT RESULTS
T(°C)
102! 400 300 200 100 50 25

oo © BTDA-ODA/MPDA

* PMDA-0QDA
1018+ V=35V P

— i —
2 1018~ S

S 107+ -
__T 101€ 4~ -
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Z s .
£ _
g

e}
fe]

G 8 5 5
=z N & &
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Normal device use

| ! |

15 20 25 30 35
1000/ T(K)

AN IMPORTANT CONCLUSION

**¢ BASLD ON CONDUCTION WORK TO DATE

Bulk conduction in polyimide 1s too smali te cause
$1gnificant corrosion (some GOOD news)

" THE IMPLICATION IS THAT CORROSION REQUIRES

»»  Conduction on g surface, or
at 3 3ite of Interlaminar ADHESION fallyre

®®® ADHESION IS A NASTY FIELD
»»  Surface preparation ang adhesion promoters

8re essential for gooc adnesion, dut the effects
on other polyimide properties are not Gocumented

> Adhesion tests are, of hecessitly, destructive
» ncpfeduublmy i3 8 m3jor prodiem

»>  Tests empnasize average strength, rather than
the weskes! point

»>  Stress ¢istridution In reat circyit structures,
8nd their effect on adhesion, requires stuty

CONDUCTION RESULTS

POLARIZATION CURRENT IS SMALLATALLT

s=»  BULK EFFECT

s»»  OF NO TECHNOLOGICAL IMPORTANCE

TRANSPORT CURRENT (DRY) INCREASES WITH T
=== MAYINCLUDE ION TRANSPORT EFFECTS

»»»  NOTLARGE ENOUGH TO CREATE CORROSION

Y/ tar e

-

VALY 28 217253
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VIEW OF TEST CHUCK

-
- pate

upper suppon

cushion

test site =
wafer under test

=
N
p N vacuum
water suppon &}&m. vy

©-ring sea!

clamping
dolt
silicon pressure transducer holes

LOAD-DEFLECTION DATA FROM
VARIOUS SIZED TEST SITES

£00
T
3
S 400
E |
L
= 200 .(

{

1 ] d
0.00 0.01 0.0 0.03 0.04
PRESSURZ  (MPa)

LOG
DEFLECTION

PREDICTED LOAD-DEFLECTION BEHAVIOR

173

o N

increasing stress

0 2 4 6 8 10 12 14
LOG LO&D

SUMMARY OF LOAD-DEFLECTION DATA

# SIZE {(2a) |THICKNESS STRESS MODULUS
(mm; (a 0.5) () (MP3a) (GPa)
1 2 10.6 29.7 0.71
2 2 10.8 RN -
3 J 10.6 43.8 6.9
4 3 €.2 45.4 8.&
S 3 10.3 453 3.4
[ 4 10 30.0 2.6
7 6 10 33.2
8 1] 10 287 1.8
9 10 8.3 5.7 2.9
10 ? 8.4 32.7 3.0
11 ] 8.5 8.8 3.2
12 10 7.0 Jo.2 3.2
13 10 7.5 30.2 3.2
14 2 7.1 30.5 2.2

ot . Wi ayunNIS
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POLYIMIDES CONTAINING CARBONYL AND ETHER
CONNECTING GROUPS

0 0
I I 0 0
/C\ !/C\ R " “
N AN C—Ar—C
i ] n
0 0
Polyamide acid Polyimide
Ar' Ar Rinh = dl/g Tg' °c Tm- °c
—©— 0.41 245 414
0Ol | © 22 | o
peis ©
c,: 1.40 236 ND
CFa
@L /@[ _©_ 0.83 235 ND
0 0

Q O
Q10

ND = Not detected

POLYIMIDES CONTAINING CARBONYL AND ETHER
CONNECTING GROUPS

0 0
[} ]
c ) c
{0 O
N\c c ¢
f T
0 0

Polyamide acid| Polyimide *
nmh. dL/g ,Tg.OC

0 0 .
o0, o0t 00 | s | o
|
CHg CH3

Ar =

0 i CHj
ol oiote.oto| w | @
CHgy

0L, @é}‘@_ O 0.64 258

* Dried 1 hour at 300°C
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NEW POLYIMIDES WITH LOW COEFFICIENT OF
THERMAL EXPANSION

Donald C. Hofer, Sally Swanson and Willi Volksen
IBM Almaden Research Center
650 Harry Road
San Jose, CA 95120-6099

o Introduction

o Structure & Properties of Low TCE Polyvimide
Homopolymers

o Properties of Rigid Rod/Semiflexible Polyimide Blends

& Copolymers

o Summary

INTRODUCTION

118

INTRODUCTION (Cont.)

© Russian Research on Rigid Rod Polyimides
e Yu. G. Bal»;lagina1 Suggestion of Ordering
in PHDA-PDA, B; PDT
- Wide angle x-ray diffmction

- Molecular conformation modeling

* A. V. KenarovZ Observation of
Polarizability /Refractive Index
Anisotropy in PMDA-PDA, B; PDT

© Japanese Research on Rigid Rod Polyimides

e H. Yamane3 BPDA-PDA Low TEG;
High Modulus

* S. Numatw? PBDA-PDA, B, PDT
Low TEC

! Vysoko mol. soved. A18: No. 6, 123 § (1976)
Vysoko mol. soved. A18: No. 9, 1945 (1976)
Proc. of Second Int'l. Conf. on Polyimides.p. 86 (1985), Flienville. NY
Proc. of Second Int'l Conf. on Polyimides, p. 492, (1985} Ellenville, NY

© U. 8. Research on High Glass Transition Polyimides

* Yoon 5 Model of Smectic LC Ordering
on PMDA-ODA, WAXS.

e Hofer © Mechanical & TEC Properties
of PVMIDA-PDA, B and PBDA-PDA

5 Macromolecules, Vol. 17. 2583 (1984)
PMSE Proceedings, Vol. 55, 85 (1986)

STRUCTURE & PROPERTIES OF LOW TEC
POLYIMIDE HOMOPOLYMERS

© Model Rigid Rod Polyimides
e PMDA-PDA (para phenylene diamine)
¢ PMDA-B (benzidine)
e PMDA-TMB (tetra methy! benzidine)
e PBDA-PDA

© Thermal Stability of Model Rigid Rod Polymers

e PMDA-PDA, PMDA-B, BPDA-PDA
excellent at 400°C

« PMDA-TMB, PMDA-DMOB
decompose > 300°C

o0 Thermal Expansion Coefficients

e PMDA-PDA, PMDA-B, BPDA-PDA.,
TEC < 5 x 10—6/°C, 25.250°C

e PMDA-DMOB < 10 x 10-6 /°C,
50-200°C

* PMDA-TMB < 20 x 10-6 /°C, 50.200°C

©  Mechanical Properties of Rigid-Rod Polyimides
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-~ 60 T T T T T T T
<
e
< s0+ .
n >
—N c c—N 9]
H = 40t .
CH <
HO—C C—OH 3 <
I = B
o] = 30+
PMDA-TMB z
CH = )
\O3 =
1 (!? E 101 7
L I O
HO—C C—OH o} £ or ooOOOOooO,O Co
5 CHy i
o 1 ! | 1 1 1 |
A -10
PMDA-DMOB 0 50 100 150 200 250 300 350
TEMPERTURE (°C)
PMDA-pPDA, CAST, 400C CURE
%) 40 LN S S A DR BRSNS S A S e s LI BN |
“,D\ e
o 30 i
U e
& 20 i
<
g ]
& 10 ]
<
@) m
a.
fas) 0 i b 1 1 n i L i 2 H . | 1 ! I 1 L i 1 1
40 80 120 161 200 240 260 320 360 400 440 480
Temperature (°Cy
LOW TCE POLYIMIDE PROPERTIES
PMDA-ODA PMDA-PDA  PMDA-B  BPDA-PDA
TCE (10-%/C) 35 4 - 15
Mod. (kpsi) 430 1,500 1,400 1280
Str. Brk. (%) 45 4 5 27
Tens. Str. (kpsi) 25 15 50 56
Th. Stab (% /hr. ) .04 04 04 .04

400
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WIDE ANGLE X-RAY SCATTERING STUDIES
OF RIGID ROD POLYIMIDES

©  WAXS Studies in Transmission and Reflection
Demonstrate 2D in Plane Ordering

e Degree of Ordering Varies With Structure

e Rigid Rod PIS More Highly Ordered Than
Scmiflexible

e Longer Monomer, PMDA-B, More Highly
Ordered Than PMDA-PDA

o Persistence Length of Ordering Greater in
PMDA-B Than PMDA-PDA

© WAXS Studies Indicate a Low Degree of
"Out of Plane" Ordering

10 4
b Reflection
8 - ! /
/TYE“SmISS‘O")
D‘E g
c &7
> J
o 47
5
2
5 10 15 20 25 30 35 40
26
BPDA-PDA

400 °C Cure

Intensity (Cuka)

Intensity (Cu, )

/Reflecnon
/Transm1551on

e AN RIS

5 10 15 20 25 30 35 40
28

PMDA-PDA
400 °C Cure

10 4

Reflecticn

/S

4

Transmiss s

/

”

0 hrrrrrrr e T ———————

5 10 15 20 25 30 35 40
26
PNMDA-B
400 °C Cure



LOW TEC POLYIMIDE COMPOSITES - COPOLYMERS

COEFFICIENT OF THERMAL EXPANSION (1.0E-6/C)

© PMDA-ODA/PMDA-PDA Polyvamic Acid Mixtures
e Phase Compatible Composite

e TEC & Modulus Nonlinear Function of
Composition

e TEC Mildly Dependent on Cure Rate
100-400°C., Coating Solvent

© PMDA-ODA/PMDA-PDA Polyamic Acid
Copolymers

e Same TEC Properties as Mixtures

© PMDA-ODA/PMDA-PDA Polvamic Ester Block
Copolymers

e Same TEC Properties as Mixtures

60 T T

50 - -

20+ &yygﬁ&&ﬁﬁéﬂ ;
10 l..—r""""ﬂr*"\
°F  0e%98goee o so

i ! ! { | 1 {
~10
¢] 50 100 150 200 250 300 350 400

TEMPERATURE (°C)

PMDA-ODA
PMDA-ODA/PMDA-PDA, 2/1
PMDA-ODA/PMDA-PDA, 2/3
PMDA-ODA/PMDA-PDA, 1/4
PMDA-ODA/PMDA-PDA

omnpDre

THERMAL EXPANSION COEFFICIENT {10-E6/C)

Adjustable TEC Polyimides

e Phase Compatible Composite of
Rigid Rod-Semitlexible Polyimide

s Block Copolymer of Rigid
Rod-Semiflexible Polyimide

D e NP N

40 T T T T T T T '/ 1.6
. o

—4 15
35 \

- 1.4
30+

-1 1.3

o5 | ® 4 1.2

i O <4 1.0
15 .5000 4 o9
10 e .. 108
- ) -4 07
5/@ \. 4 06
OCP \“ 0.5

_5 1o | 1 1 ! 1 I .04

0 10 20 30 40 50 60 70 80 380 100

MOLE PERCENT PMDA-ODA

® MODULUS
O TCE

MODULUS PMDA-PDA/ODA COMPOSITE (psi x 10E-6)

/19.
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SUMMARY

©  Rigid Rod Polvimide Homopolymers

e Ordered Domuins Associated with
Reduced TEC

¢ Higher Modulus - Ordering
* 2 Dimensional Smectic LC Morphology

¢ Higher TEC Out of Plane
Primitive Out Pilane Ordering

© Rigid Rod/Semi Flexible Mixtures and Copolymers
® Tailored Polyimide TEC

¢ Composite, Randan Copolymer and Block
Copolymer Approaches Produce
Similar TEC Properties

ACKNOWLEDGEMENTS

¢ Do Yoon
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0 Tom Russel}

© Rich Seimens
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“NEW FLEXIBLE POLYIMIDES”
FRANK W, HARRIS
INSTITUTE OF POLYMER SCIENCE
UNIVERSITY OF AKRON
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Polymer Data 2.
IR em™1 TGe
n n® (C=0) T,b Air Argon
1 0.38 1790,1710 254-255 460 475
2 0.29 1790,1710 175-180 425 475
3 0.27 1785,1710 170-175 425 475
4 0.28 1722,1690 135-140 385 405
100
e~ . \ ~ To,n=|
5o | .-_@..t.%. = Tb,nz2
D . ‘= Tc,nz3
- \_ -
é \.
- ——.
¢ 60 1 .
:
40 -
20 1
50 100 150 200
Time (Hours)
Isothermal aging results obtained at 600°F (315°C)
U
OO - wOeemonOpm—
o) | o)

£

NH-C
0

lisereslo Tt

0 0
HOL :@(b@ b‘NH-@*O ( CHZCHZO)n'@ —
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0
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0 0
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410
385
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438
425
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HN OH oo HNAYONC g ch,cH,Br
L s o .
DMSO or

(CICH,CH,),0

H2N©O( C HzCHzO )n@NHz
@ @:: HzN@O(CH;gCHzo)n NH2

HOZC

ofeute e s
NHg -
©
C _
LON

Tg Tm
Polyamic a b c d I— e
Acid No. {n} DSC TMA TBA DSC TGA
n=1 0.85 192 191 196 290,315 455

n=2 0.1 154 156 158 243 430
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Run )

After heating at
Heating rate. 20°C/min 210°C for 15 min.
Sample size 7. 8mg

Atmasphere Static air

Sensitivity (1mcal/sec in.

Va 152

Run 2 - After heating to
3000C and slowly cooling

0

/-152
: 0

/] M
ST T e e ~ Run 3 - After heating to
DN AN AL e —
P PN ro o 3009C anc qUencmng

0
A 4

d ] 1 1
50 100 150 200 250 300 350 400
Temperature OC

* Differential scanning calorimetric curves
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0
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Ay
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Thermogravimetric analysis curves
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6.
TABLE 2
Ti/Ti TENSILE SHEAR STRENGTHS
FILLER ) TEST CONDITION TENSILE SHEAR ST, PSI (FAILUREY
NONE 25°C 7850 (Cow)
25°C AFTER 3 DA H,0 BOIL 3040 (Aov)
83°C 5400 (Cow)
121°C 4045 (Con + TP)
50 PHR MD105A, 25°C 6200 (Cow)
25°C AFTER 3 DA H,0 BOIL 3610 (Aow)
83°C 5030 (Cow)
, 121°C 4300 (Cor)
'PASA-JELL 107 SURFACE TREATMENT, 25°C + 256°C UNDER 100 PSI, HOLD 15 MIN
*COH = COHESIVE, ADH = ADHESIVE, AND TIP = THERMOPLASTIC
EXCESS
(CLCH,CH,) 20
OZN'©'ONA —_—> 02N©’OCH2CH20CH2CH2CL
NAO@/NOZ
= OzN-@-O(CHzCHzO) -—-> H N@—O(CH,CH 0)2@
e — — "
+ PAA n=1,32 4
,c
2} 3:@ @—O(CHZCH o>,—©2( 4
-‘-- -
. <+
T, ~165°C
S s M ~ 280°C
< 305°C
3
0
o -8t
-
]
9
T 4
-191-
-124 <4
-14
e 1se e =B ais 2@ - 328 368 ase 442 4@

Temperoture Qo)
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(CLCH,CH,) 50

NA + OR

—> OyN @-O(CHZCHzo)N-@

CLCH,CH,0CH,CH, 0CH . CH,CL

/

CHj
HZN@(CH,CH,O>N@HZ

N DA n(PAA)
2 BTDA  1.23
PMDA  1.40
3  BTDA  1.37
PMDA  1.24

n(P]) Te(°C)  Im(°C)
0.93 192 304

- 215 365
1.20 162 -

i} 150 275

- + + + - v M M I

T 128 188 288

" 248 288

Tempercture o

328 3B 488

4 -2

<+ =&
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ODPA

-(— NH- c:© t@[ "“‘@O(CHzCHZO),, ——
lteelesioters

H020© @ O(CHzcnao)n@
N++8 o

o

POLY(AMIC ACID) POLYIMIDE
AMP ) - Je_ Tm
PARA N=1 1,38 INS 184 470
PARA N=2 2.08 INS 164 370
META N=1 0.76 0.55 134 -
META N=2 0.60 0.50 128 -

12.9.
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136. SOLVENT EFFECTS IN THE SYNTHESIS OF
THERMOPLASTIC 6F-BDAF POLYIMIDE

NASA Contract NAS1-16814

D.A Scola
R.A. Pike

C UNITED

R TECHNOLOGIE

R:sukcu $
CENTER

ot et Camot. @ v

T.L. St. Clair
P.M. Hergenrother

NASA Langley Research Center
Hampton, VA 23685

U

THERMOPLASTIC 6F-BDAF POLYIMIDES

® Objectives — To determine the effect of:

* Two solvents, diglyme and DMAC on molecular weight
distribution

* Molecular welght on viscosity, Tg, shear modulus, tensile
properties and fracture toughness

* Unreactive end-caps on physical and mechanical properties
and on processing

POLYIMIDE INVESTIGATED

cF
9 (20 CFy
c !
o i 0 « u,u-@-o-@c-@-o-@.uu,
CF3 1
o o CFy

eF l BDAF
g T o CF3
C~ |
X0 O -0~<0-4-0
CF CO,M |
HO,C 3 2 cF,

€F.-BDAF polyamic scid

! .
c C~ |
N l@c/w—{ 4Orc<O)-o
0 RERE CFy

n
&F-BDAF polylmide



STOICHIOMETRY EFFECTS

® |nfluences on
e Molecular weights
* Reactive terminal groups (end-ceps)

[ CFy o o CFy o
. & " . 4
S ¢ N / ¢ N
g 1O v BOAF —N @ ! @ o
~ cF P ~ CF -
" i t [ 3 I
o o J. ° °

CFy CF,y
~0-010-0{ }-0-0fo-0
Ty 3
¢ Unreactive end-ceps
\/‘,’ o e )°. e
~ ~N 7~
Do 3O X3Q -0 00,0
0 -0 OCH, o o

[+]

LT B

SOLVENT INFLUENCE ON 6F-BDAF
POLY (AMIC ACID) INHERENT VISCOSITY

Ninn
di/g (25°C)
Polymer 6F/BDAF
system mole ratio Diglyme DMAC
NAS-2 1.0848 0.28 0.23
NAS-3 1.0443 0.32 0.27
NAS-4 1.0299 0.39 0.29
NAS-4-3 1.029¢% — 0.31
NAS-5 1.0182 0.41 0.27
NAS-6 1.0092 0.49 -
NAS-7 1.0000 0.26 0.51
NAS-8 0.8753 0.25 0.26

SOLVENT INFLUENCE ON 6F-BDAF
POLYIMIDE MOLECULAR WEIGHT

Mn (osmometry)

Polymer 6F/BDAF

system mole ratio Diglyme DMAC
NAS-2 1.0848 15,000 —_
NAS-3 1.0443 20,600 -
NAS-4 1.0299 24,700 34,700

NAS-4.3 1.0299 —_— 32,400
NAS-5 1.0182 30,100 -
NAS-6 1.0092 45,300 -_
NAS-7 1.000 38,200 60,600

NAS-8 0.9753 - 46,900

137.
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EFFECT OF REACTANT RATIOS ON
6F-BDAF POLYIMIDE MOLECULAR WEIGHT

(From diglyme)

No. ave. molec. wt.

Polymer  Theoretical  &F/BDAF

system molec. wt. ratio GPC  Osmometry

NAS-2 10,000 1.0848 7251 15,000

NAS-3 20,000 1.0443 12,358 20,600

NAS-4 30,000 1.0299 18,312 24,700

NAS-5 50,000 1.0182 9829 30,000

NAS-6 100,000 1.0092 14,601 45,300

NAS-7 Infinite 1.000 -_ 38,200

NAS-8 30,000 08753 - - .

EFFECT OF REACTANT RATIOS 6F-BDAF
MOLECULAR WEIGHT

(From DMAC)

No. ave. molec. wt.

Polymer Theoretical  6F/BDAF

system molec.wi, ratio G_PC Osmometry
NAS-2 10,000 1.0848 - -
NAS-3 20,000 1.0443 - -
NAS-4.2 (2x) 30,000 1.0298 35478 33,400
NAS-4-2 (4x) 30,000 1.0289 29,992 34,700
NAS.5 50,000 1.0182 - -
NAS-6 100,000 1.0092 - -
NAS.7.2 Infinite 1.0000 47,111 60,600
NAS-8-2 30,000 0.9753 32,411 46,800

T

EFFECT OF Mn ON INHERENT VISCOSITIES
OF 6F-BDAF

Polyamic acids and polyimides from diglyme

Inherent viscosity

di/g (25°C)
Polymer _ Poly(amic)
system Mn acid Polyimide
NAS.2 15,000 0.28 0.23
NAS.3 20,600 0.32 0.38
NAS-4 24,700 0.39 0.40
NAS.5 30,100 0.41 0.60
NAS-6 45,300 0.4 0.58
NAS-7-3 38,200 0.26 0.81

NAS-8 - 0.25 -

.-
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EFFECT OF Mn ON INHERENT VISCOSITIES
OF 6F-BDAF

Polyamic acids and polyimides from DMAC

Inherent viscosity

dl/g (25°C)
Polymer _ Poly(amic)
system Mn acid Polyimide
NAS-2 — 0.234 -
NAS-3 — 0.265 —_
NAS-4-2 (4x) 37,580 0.29 . 0.62
NAS-5 — 0.274 —
NAS-6 - — -
NAS-7.2 47,111 0.51 0.94
NAS-8-2 32,411 0.357 0.61 oocg

EFFECT OF SOLVENT ON 6F-BDAF
POLYIMIDE POLYDISPERSITY

GPC
Polymer Molec. wi. Polydispersity
system Solvent Mn Mw/Rn
NAS-2 Diglyme 7251 4.09
NAS-3 Diglyme 12,538 4.35
NAS-4 Diglyme 18,312 4.25
NAS-4-3 Diglyme 18,659 £6.26
NAS-4-2 DMAC 37,580 3.42
NAS-4-2B DMAC 43,285 4.00
NAS-5 Diglyme 9829 5.88
NAS-6 Diglyme 14,661 6.98
NAS-7-3 Diglyme 28,769 5.24
NAS-7.2° DMAC 47,111 4.65
NAS-8-2 DMAC 32,411 4.4

c.w-n

GPC OF NAS-4 FROM DIGLYME

Mw 77,020
Mn _ 18,312
399.3047 Mw/Mn 4.256

/—— cum;;

201.146 -

. 101
2.988 - v : e . S S E—
0 5 10 15 20 25 30 35 40 45 50 55
Minutes
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GPC OF NAS-4-2-1 FROM DMAC

Mw 104,846
Mn 28,021

254.9017  Mw/Mn 3.74 /'— cum %
80+

801
701
601
501
401
301
201
101

127.997 -

1.092 —_— S, —
0 5 10 15 20 25 30 35 40 45 50 55
Minutes

EFFECT OF NON-REACTIVE END-CAP
ON 6F-BDAF INHERENT VISCOSITY

Inherent viscosity dl/g (25°C)

280°C End-capped

imidized solution  End-capped
Polymer Polyamic polyamic imidized 280°C
system acid acid 158°C imidized
NAS-4-n-hexyl amine 0.334 0.596 0.147 ) -
NAS-4-aniline 0.309 0.577 0.194 —_
NAS-4-m-anisidine 0.251 0.638 0.218 -
NAS-4-phthalic anhy 0.338 - o182 -

INFLUENCE OF MOLECULAR WEIGHT ON
GLASS TRANSITION TEMP, Tg

Polymer Synthesis _ Tg,°C
system solvent Mn (TMA)°
NAS-2 Diglyme 15,000 242
NAS-3 Diglyme 20,600 248
NAS-4 Diglyme 24,700 248

NAS-4-2 DMAC 35,478 243
NAS-5 Diglyme 30,100 258
NAS-6 Digtyme 45,300 251
NAS-7-3 ~ Diglyme 38,200 247
NAS-7-2 DMAC 47,100 244
NAS-8-2 DMAC 46,900 259

*Maximum cure temp/time 316°C/20 min et
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INFLUENCE OF MOLECULAR WEIGHT
(Mn) ON FRACTURE TOUGHNESS

Gic
Polymer Jim?
system Mn Diglyme DMAC
NAS-2 15,000 337 -
NAS-3 20,600 1912 -—_
NAS-4 24,700 1483 -
- NAS-4-2 (2x) 35,478 - 2440
NAS-4-2 (4 x) 28,021 - . 2760
NAS-5 30,100 2514 -—
NAS-6 45,300 2313 —_
NAS-7-3 38,200 2320 —_
NAS-7-2 47,111 —_— 2700

6F-BDAF POLYIMIDE

Fracture toughness (Ge) vs Mn

e From diglyme
4 From DMAC

3000

2500+
2000

T

Gic
Jim? 1500

T

1000

500

i I 1 J |

10 20 30 40 50 60
10° Mn

vem.on

INFLUENCE OF MOLECULAR WEIGHT ON
TENSILE PROPERTIES

Polymer Synthesis Strength, Modulus,
system solvent Mn ksl 10% psi
NAS-2 Diglyme 15,000 13.2 0.51
NAS-3 Diglyme 20,600 1.7 0.53
NAS-4 Diglyme 24,700 10.7 0.53
NAS-4-2-1 DMAC 28,021 1.7 0.53
NAS-5 Diglyme 30,100 13.1 0.52
NAS-¢ Diglyme 45,300 12.9 0.56

NAS-8-2 DMAC 46,400 13.7 0.53



142 THERMO-OXIDATIVE STABILITY OF 6F-BDAF
POLYIMIDES

From diglyme solvent

Max cure temp/time
316°C/20 min

Weight
loss,

ok 192 hrs O

1 1
10 12 14
Time at 316°C, days

THERMO-OXIDATIVE STABILITY OF 6F-BDAF
POLYIMIDES FROM DMAC SOLVENT

From DMAC solvent

0
Max cure temp/time
1 316°C/20 min
2 - HAS-
04-2-1
Weight 3} Ds-2
loss, 043
% 4+ D42
4-3 (diglyme) v 72
5 e
6 EE
g8
L T T W

i
2 4 6 8 10 12 14
Time at 316°C, days o
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CONCLUSIONS

® For the same ratio of reactants, DMAC yields
polymers of higher Mn than diglyme

® For the same ratio of reactants, diglyme yielded
polymers of higher polydispersity than DMAC;
diglyme gave a much broader molecular weight
distribution than DMAC

e From diglyme or DMAC, the inherent
viscosities of the polyamic acid and polyimide
increased with molecular weight (Mn)

CONCLUSIONS

e Mn range 15,000 — 46,900 has no influence on
Tg and tensile properties

® Fracture toughness levels off at Mn ~ 30,000

e Thermo-oxidative stability shows a slight increase
with increasing Mn; polyimide from DMAC >diglyme

® 'Non-reactive end caps appear to cause chain
scission, thereby producing lower molecular

weight, brittle polyimide
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Piqure 1,

cheme 1.,

'g,@...,.@.u ¢ WOROH + HOR-NH,

achrs SMOL: A MAA

MMPTOLUENE | 155170°C
K,CO, 8 HRS

o o
u,u-m.o-[-@%@onxo-],-@-s}@o&-uu,
o o

SEM Micrographs of Epoxy Network Modified with

Polysulfone Oligomer Synthesis

13,100 <Mn> Amine

Terminated Polysulfone




Scheme 2. synthesis of Amine Terminated PEK

OO X0

H,N-@é'@ori

170°C | NMP/KLQ,
7-8 HRS | TOLUENE

S O OORO DDA O

AMINE TERMINATED POLYARYLENE ETHER
KETONE (PEK)

scheme 3. “Self Crosslinking” Behavior of Amine Terminated PEK

OO0 O-0HO4OH O

BULK \ 220%

2 HOURS

CROSSLINKED POLYMER

INSOLUBLE IN
- THF

- CHG,
- THF/ AcOH (50/50)
- DMSO

Scheme 4, Chemistry of "Self Crosslinking” Behavior

OO0 OO

INTER AND INTRAMOLECULAR IMINE
FORMATION

Mo.©. E—QOM
Q
Q
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15 3.
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Pigure 2. Solid State Magic Angle NMR of Benzophenone Imine
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Piqure 3. Solid state NMR of Crosslinked Amine Terminal PEK (5K)
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Pigure 4. 13c Solution NMR of Amine Terminal PEK (5K) in CDC13
7822
™4
1321 bral
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AROMATIC  CARBONS'
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X0 1535 166 P
4.1 s0 %0
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PP

Pigure S5, Effect of Curin

Time on the Glass Transition Temperature

[Amine Terminal PEK (10K) Cured at 220°C]

No exotherm in the first run 3 minutes
TgEéas K
R — ‘:
[ J -
{
S 1 1 ] 1 1
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g TEMPERATUME K
No exotherm in the first run 2 hours
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Pigure 6. % Insoluble vs.

100

Cure Temperature of Amine Terminal PEKs

9% INSOLUBLE

T(%C)

Pigure 7. Amine Terminal PEK (15K) Cured at 220°C
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20 EFFECT OF CROSSUNK DENSITY
o

MECHANICAL PROPERTY

0 o 40 &0 6 ﬁ) ib
s ELONGATION



157

Piqure 8, Stress-Strain Diagram of Cured and Water Soaked Ketimine Networks
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Scheme 5. Effect of BEnd Groups on "Self Crosslinking™ Behavior
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Scheme 6. Reaction of P-Terminated PEK With ODA

r@g@o—-nx-:-o -@-2-@-!’

o Pami0K

"‘.*@‘0‘@“& TOCHIOMETRIC)

220°C
2 Hrs

INSOLUBLE POLYMER
CREASASLE FLM
% INSOLUBLE IN CHCY, » 90%

Scheme 7., Synthesis of Bis-1,4-(4-Chlorobenzoyl) Benzene

ij::>i;ﬂ + :2<Z:>Cl
ACY
Qs

YIELD « 48% mp.= 258°C
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Scheme 8, Synthesis of Poly(Arylene Ether) Ketone
Tl
-OLOIO-
+
"5“:
Q1 0-

DMAC/TOLUENE
K,CO, | 155°C

N, |8HOURS
v

+0i0-0I0i0}0IO=

T.. 185°C

Scheme 9. Synthesis of 4-Aminophenyl-4'-Hydroxyphenyl=-2,2-Propane

m@g@u . @w,«cn

180°C | N,
2 HOURS |[-PHENOL

m@@@%

Yield= m™=
mp.= 1919C
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Scheme 10. Synthesis of Amine Terminated Poly(Arylene Ether) Ketone

Scheme 11, Synthesis of 2,2'-(4-Bydroxyphenyl, 4'-Maleimidophenyl) Propane

CH, o
Qe+
c“a

NMP/CHP | N,
s
LOLOLD
| HO
CH, )

120°C | H,0

YELLOW CRYSTALLINE 8OLID mp~162°C



/Gl

H' NMR Spectra of 4-aminophenyl, 4‘-Bxdronghenxl-2,Z-Progane

pigure 9.

Figqure 10. H' NMR Spectra of 4-Hydroxyphenyl, 4'-Maleimidophenyl-2,2-Propane
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Pigqure 11, PT-IR Spectra of 4-Aminophenyl, 4'-Hydroxyphenyl-2,2-Propane

Maa 02/21/58 0%5:13:50

XTRANSMITTANCE
0.0000 20.000 40.000 60.000 80.000 100.00

4000.0 3200.0 2400.0 1S00.0 1500.0 1100.0 850.00 500.00
NAVENUMBERS (CM-1)

Figqure 12, PT-IR Spectra of 4-Hydroxyphenyl, 4'-Maleimidophenyl-2,2~-Propane

8
8’ MBA-MI 02/21/58 0415243
ie
£8
53
£8
X O |
A 4
e |
N
© 4000.0 3200.0 2400.0 1900.0 1500.0 1100.0 850.00 500.00

WAVFNIMAFRS (CM=-1)
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Scheme l12. Synthesis of Maleimide Terminated Poly(Arylene Ether) Ketone
H,N~-PEK-NH,

Maleic Anhydride
N, |NMP/CHP
110°C | -H,0

0 o__
N-(-PEK-)-N{]

0]

'y

Pigure 13. FT-IR Spectra of Amine Terminated Polyether Ketone

PEKKE -NH2~2500 08/06/86 15:44:08

i

XTRANSMITTANCE
0.0000 Z0.000 40.000 €0.000 80.000 100.00

' \

4D00.0 3200.0 2400.0 1900.0 1500.0 1100.0 85S0.00 $00.00
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Pigure 14. PFT-IR Spectra of Maleimide Terminated Polyether Ketone

-

ATRANSM 1 TTANCE
0000 20.000 40.000 60.000 80.000 100.00

NICOLET DOX»

PEKKE-M!-2500

08/06/86 15.:11.:03

S

© 4000.0 3200.0 2400.0 1900.0 1500.0 1100.0 850.00
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500.00

Table 1. Intrinsic Viscosities and Tg's of Polyether Ketone for varying

END CAP
CONTROL
NH
NH

Mi
Ml

Molecular Weights

MW
25000
3200
6800

3200
6800

25*
Mz,
1.30
0.18
0.33

0.13

T;Nt
165°
132°
148°

119°
162°

10°C/Min

T cure

183°

168°

177°
173°
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SCHEME 12

SCHEME M

adso, O + HoRon  + HO-MNn,

s

NMPTOLUENE | | 185-170°C
KGOy SHRS

[+] o]

Hy
O—- !
CHy

A4

Lo+ =
O{QOGO}QOGW

TABLE 5

Bisphenol A Based Amine Terminated Poly(Arylene Ether Sulfone) Qligomers

THEORETICAL  ENDGROUP Tg(°C) MWD
<Mp> ANALYSIS
w S MWD
ws 19 ---
‘£ »0 20 ———
4000 3700 140 1.9 ] 70 31 e
n
5000 5300 155 2.0 W
7500 7100 162 2.1 3
9000 8800 165 2.0 E’
10,000 9300 168 1.9 =
12,000 11,300 169 1.8
14,000 13,300 172 1.9
16,000 15,600 175 2.0 RN
6 2 2 W 1 34 » ¥ & @«
18,000 17,000 178 2.0 ELUTION VOLUME (m)
20,000 19,500 184 2.1
22,000 21,400 189 2.0
i 0. GPC T 3 Amine Terminated Poly(Arylene
25,000 24,600 194 1.9 Figure 1 T Sulfon

Ether Sulfone) Oligomers




A

Scheme 13, Possible Post Reactions

HN-F-NH,

o]
&Rx / \xrfu.a-}’]

THERMOPLASTIC MODIFIED ° MODIFIED BM! RESINS
EPOXY RESINS * LINEAR MICHAEL
ADDITION POLYMERS

HN-R-NH,
O (o]

; N-Fa_:)’_]

3.5.5 Sulfone Ether Diamune (SED) of MBA

Empirical formula: Ca:HaoN20.S
Molecular weight: 668.98
Reaction:

R0 s Ty

OO =

Procedure: Punfied MBA (0.2] mole) and DCDPS (0.10 mole) were charged to a I-¢ flask
and dissolved in 450 ml of distilled NMP. Crushed K,CO, (0.20 mole} and 200 ml toluene were
added and the reaction was heated to 150°C under an inen atmosphere.  After | hour. the
stoichuometric quannity of water had been removed from the sysiemn and the reaction was heated
to 165°C for 3 hours. It was cooled to 80°C, filtered, and precipitated in an aqueous solution of
5% Na,CO; and 1% sodium sulfate. The tan colored powder was washed with warm water until
neutral to pH paper. A suitable recrystallizing solvent could not be found. The SED was too

soluble 1n most solvents and attempts 10 use a binary solvent systemn inevitably resulted in an oil.



TABL™ 6

Comparison of Intrinsic Viscosity Measurements
for Hydroxyl and Amine Terminated Sulfone

Cligomers
HO- TERMINATED [n g‘,g, -NHp TERMINATED [» ]g‘gla
<Mp> <M.>
5000 0.10 5100 0.11
8200 0.13 8800 0.14
14,600 0.22 15,600 0.22
20,500 0.26 21,400 0.27

TABLE 8

Results of Simple Chain Extension of Amine
Terminated Oligomers with Diacid Chlorides

e DUGCMER POLYMER |
<Mp> (g/moie)  Tg(°C) [(MISTh () | TgPC) (IS
3700 140 0.12 197 1.03
5100 150 .18 198 .89
8800 187 0.17 19 0.87
12,300 m a1 198 21
17,00C 187 024 189 .79
1,000 190 02 195 193¢
24,800 194 [ & ] 19 0.82

TABLE 10

CHARACTERISTICS OF BLOCK
POLY(AMIDE SULFONE)
COPOLYMERS

OUGOMER nn %,(°0) wT £sch?
PV i SULPONE

5100 o.72 28 » PASSES

- 7100 0.5 193 . PassEs

17,000 054 183 14 PasSES

22,500 0.90 197 s passEs

POLYAMIDE? 091 21 ° passEs
UDEL® 059 198 100 raLs

1 02% SOLUTION X NP

2 BVIRONMENTAL STRESS CRACK RESISTANCE DETERMINED
USING XYLENES AS SOLVENT

3 afoe wrYTURP OF 5O TO TEREPWTHALOYL CHLORDE USED

/67

TABLE 7

Amine Terminated Poly(Arylene Ether Sulfone)
Oligomers Using Hydroquinone ard Biphenol

Mp> | <M LT T, 0 [MwD
THEORY | TTRATED -

7500" 8500 0.31 191 22
15,000" 14,400 (X ") 204 21
20,000° 19,200 0.73 213 20

50002 7100 0.34 170 1.9
10,0002 #700 0.50 187 21

5000° 5400 0.20 196 20

1 50/50 MOLAR RATIO OF HYDROQUINONE BIPHENOL
2 HYDROQUINONE
3 MIPHENOGL

w
2]
<
o
Q.
7]
Ll
[+ o
©
(=]
=
Q
w
oy
w
Q
£
ELUTION VOLUME (ml)
ligure 12. GPC Traces of a Quantitatively Terminate

Poly(Arylene Ether Sulfone) Oligomer




/& Y 372 Block or Segmenied Copolymers via Sohution Polymerization
*

Reacuon.
%”@O@Nﬂ, H;N----F 8 F-oooNH,

+
coc
NMP
N(EY),
10°C
1HR

H KO o
"‘" : g 3....psx_£§@&

Y

Procedwe Punfied 4.4 -amnophenyletber (ODA), 0.02 mole, and dry diarmune termunated
poly(aniene ether sulfone) oligomer, 0.00] mole were dissoived in ﬁnhiy‘dinmed‘ dry N\MP. A
5%e excess of dry, freshly distilled tnethylamune (TEA). 0.044 moics, was added under an inen wrgon
atmosphere An addition funnel was filled with a solution .of a 50,50 mixture of tere- and
1sophthaloyl chlondes (0 021 moles total) in dry, freshly distiled NMP. The acid chiondes were
added dropwise 10 the diammune solution at 0-5°C. The solution became cloudy and slightly yellow
s ada:uon proceeded  After complete addition, the solution became 3o viscous that addinonal
NMP was added to prevent the solunon from “chimbung up the surbar”. The reaction was heated
to 50°C for 0.5 hours to ensure complete reaction. The reaction was filtered and the ciear tan
solution was precipitated into McOH. The fibrous polymer was worked up as usual. redissolved
in NMP. filiered. repreaipitated i MeOH. boiled in water and dned under vacuum at 100°C for

12 hours

SCHEME 13

o CH,
/\ |
CH,-CH-CH,-O@?
c

o

/\
@-O-CHZ-CH—-CHz
H

3

DGEBA 2.0 mole

+

H,N—P§$—NH2 1.0 mole

DMF 145°C 1.5 HR

CAST FILM

CURE 200°C 2 HR
POST-CURE 220°C 0.5 HR

CROSSLINKED POLYSULFONE MATRIX



3.7.5 Synthesis of Amine Terminated Poly( Arylene Ether Sulfone ) Oligomer Modified Epoxy Resins / 6 2

Reaction:

Procedure: Epon 828 (n = 0,1), (0.10 moles) was heated to 140°C in a stoppered 250 ml filter
flask with stunng provided by a magnetic sturer. Dry NH,PSF (0.003 moles of 5000 g/mole or
12 w1 %) was added to the Epon 828 and stirred until homogeneous. It was again degassed by
stoppenng the flask and applying a vacuum. After no more bubbling was evident, purnfied
4 4'-diaminodipheny! sulfone (0.497 moles) was added to provide 2:1 overall stoichiometry. After
the solution became homogeneous, it was poured into a preheated silicone mold which permitted
preparation of test specimens for flexural modulus and fracture toughness. It was cured in an air
curculating oven for 2 hours at 180°C and post-cured 0.5 hours at 205°C. The samples were

transparent and brown in color.

0 30 so 90 120 150 180 360
TIME (min)

Figure 16. Effect of Time on Reduced Viscosity for Lightly
Crosslinked 'Polysulfones




/ 7 0. TABLE 11

Recults of Lightly Crdsslinked Polysulfones

, - SCHEME 14
<> gmol  To(e) | 7T, g)zcucx, THF OMF
4800 149 186 |
8800 158 182 v w 0 0
c [~
13,100 170 188 w w we” \ / Scw
19,500 189 191 . s e/ O H’QN\ o
\c c/
24,6800 194 19 . s s (] o
UDEL® 138 | CONTROL s s .

° ALL OUGOMERS ORIGINALLY SOLUBLE
i a insoluble, 3 3 soludble, sw = swells

+— PENETRATION
8

N N-=PEF...nh,

100-105°C | m-CRESOL
2432HRS | CH,COOH

7s
109 ioad
10°C/min
100 b
0 180 180 200 20 240 260 280 300
TEMPERATURE (°C)
Figure 17. TMA Results of Lightly Crosslinked

Polysulfones



TABLE 12

Results of Poly(Aspartimide) Syntheses

OLIGOMER «<M,> [,,]”‘c @vg) To )

(g/mole) CHCig
e ————

200 059" . 211

3700 0.27 187

4600 0.88 189

6500 0.27 183

8800 0.91 187

13,400 0.23 190

171.

TABLE 13

Results of Thermoplastic Modif:ed Bismaleimid«¢
Resins '

WT% WT% MOLAR Tg (°C) _SOLUBILITY

* OXYDIANILINE CONTROL MEASURED IN DMSO AT 25°C

This reaction was performed at vanous times using only ODA, only an NH;PSF, or only a

SED

3.7.3 Synthesis of Poly(Imide Sulfones)

Reaction:

0 S o
C

02
) (o}

N 7

[

e}

~

HN—P S F—NH,

|

O
”

(o]
Y .
1T CLp—*sm.
C (o]

»
(o)

Procedwe. Dried NH;PSF (0.002 mole, <M,> = 3850 g/mole) was dissolved in dry

DMAC 10 =15 wt % solids. A 15 wt % solution of benzophenonetetracarboxylic dianhydnde,

BTDA (0.002 moles) in DMAC was added dropwise at 0°C to the diamine solution. After addition

was complete, the reaction was allowed to come 10 ro0m temperature and maintained that way for

24 hours. The viscous solution was cast onto 2 glass plate and subjecied to a 3 stage cunng

procedure. The final temperature was 280°C. The final product was a flexible. creasable, yellow

film which was soluble in THF. and dipolar aprouc solvents, such as DMAC w.d NMP.

BMI  NH,PSF  RATIO CHCI, DMF

0 100 *CONTROL 150 s s
6 94 1:1 180 0
25 75 5:1 185 I
50 50 15:1 183 i
60 40 22:1 190 i
85 15 84:1 204 I
00 0 CONTROL 240 i

OLYSULFONE <M,> = 5309 g/mol
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+—— PENETRATION
)

100

e Souns

Figure 18. TMA Results of Thermoplastic Modified

Bismaleimide Resins

Polyimides Containing Carbony! snd Sther Cesnecting Greups
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A NEW HIGH Tg READILY PROCESSED THERMOPLASTIC POLYIMIDE
by

D. Wilson, A. Aldred and F. Fernyhough
BP Research Center, Sunbury, Middlesex, England

and

F. Robertson
BP Advanced Composites Ltd., Bristol, England

ABSTRACT

Thermoplastic polymers for use as composite matrices offer enhanced
toughness and the potential for low cost processing when compared to their
thermosetting counterparts. As a result, much attention has recently been
focused on thermoplastic composite matrices. Most of these systems offer
excellent toughness but relatively difficult processing. In addition,
several of the more promising systems have relatively low Tgs which
restricts their use temperature although, in certain cases, their highly
crystalline nature offsets this to some degree.

Conventional condensation polyimides generally offer excellent thermal
stability, and a high Tg but also exhibit difficult processing. The
development of a high Tg, easily processed, thermoplastic polymer offers a
combination of advantages that would be very attractive to the aerospace
composites industry. The thermoplastic polyimide developed by BPO offers an
attractive combination of favorable properties such as good processability
and a Tg of 270°C.

Preimpregnated carbon or glass fiber (prepreg) can be prepared from a
solution of the monomers in a low boiling, non-complexing solvent.
Laminates with low void content can be prepared by either compression or
autoclave molding, using the "wet" (i.e., unreacted) prepreg with a maximum
cure temperature of 300°C. Alternatively, dry prepreg (fully polymerized
system) can be processed at 300°C to give good quality laminates.

Mechanical property evaluation of the neat resin and composite laminates
indicate a use temperature of about 200°C. Good solvent resistance is
exhibited and toughness is comparable to other state-of-the-art
thermoplastic systems. Laminate properties (both carbon and glass) after
hot/wet aging are also encouraging.

The paper will outline the properties of the thermoplastic polyimide and the
approach used for the successful development of the system.
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CHARACTERIZATION OF:
CHARACTERIZATION OF AN AROMATIC

POLYIMIDE IN THE SOLID STATE
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POLYARYLENE SULFIDE
POLYMERS
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POLYARYLENE SULFIDES

+—Ar-S—+

PAS POLYMERS
CHARACTERISTICS

® THERMAL STABILITY

® CHEMICAL RESTANCE

® MODERATE-HIGH Tg

FEIROLEUM (T ]
DM ONDS AND Hipy

PAS POLYMERS

® POLY-p-PHENYLENE SULFIDE (PPS)
® COPOLYMERS

® NEW POLYARYLENE SULFIDES

(o,

POLYPHENYLENE SULFIDE

POLYPHENYLENE SULFIDE

HEAT
CI-@-CHNaZS SoVENT S+ + NaCl

PPS

OFF WHITE POWDER
Tm 285°C
Tg 85°C
n =150
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TYPES OF RESINS

RESINS
: HEAT
1
1 S > CROSSLINKING
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|
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FIGURE 12

MELT FLOW = GRAMS OF POL YMER THAOUGH ORIFICE IN 10 MIN.
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PPS COPOLYMERS
UNSUCCESSFUL COMONOMERS
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fowon
PPS COPOLYMERS
CHARACTERISTICS
© GEMERALLY € 20X CONONOMER

© LOWER NOLECULAR WIIGHT
© LOWER CRYSTALLBCTY/AMORPHOUS
® BICREASED SOLUBLITY
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INTERCHANGE REACTION
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} § } 4
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RANDOM
COPOLYMER

PPS COPOLYMERS
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POLYARYLENE SULFIDE




POLYARYLENE SULFIDE
MATRICEES

PPS
PAS-1
PAS-2
PAS-B

POLYARYLENE SULFIDE POLYMERS

POLYMER TYPE

PPS CRYSTALLINE
PAS-1 CRYSTALLINE
PAS-2 AMORPHOUS

PAS-B CRYSTALLINE

M, °F TG, °F
845 190
680 300

- 420
800 NONE @

8. NOT DETECTABLE BY THERMAL ANALYSIS

CRYSTALLINE ENGINEERING PLASTICS
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MORPHOLOGICAL CHARACTERISTICS
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CRYSTALLINE ENGINEERING PLASTICS RYTON* B POLYBIPHENYLENE SULFIDE
FiLM PROPERTIES
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AMORPHOUS ENGINEERING PLASTICS
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Polyarylene Ethers

J.E. McGrath

Chemistry Department and
Polymer Materials and Interfaces Laboratory
Virginia Polytechnic Institute and
State University

Blacksburg, Virginia 24061

COMMERCIALLY IMPORTANT POLY(ARYLENE ETHERS)
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Structural Features of Poly(Arylene Ethers)
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ST units, §egapasca1s (MP), by multiplying by the factor

6.89 x 107

N
4]
CHj 1
| -C-
-C-
| Y =
CHj
0
X= $02 ]
«§~
[}
S 0
Chemical Bond
«H
7 =
~CH3
TABLE 1
TYPICAL PROPERTIES OF SELECTED COMMODITY PLASTICS,
ENGINEERING THERMOPLASTICS AND METALS [13]
Elongation Flexural
Tensile Strem)]th at Break Modulus Density
Material (psi){2 (2) _ (psi)x10®  (g/m1)
Polystyrene 5,200- 7,500 1- 3 380-490 1.05
Polyethylene 3,200- 4,500 10-1200 145-225 0.96
Polycarbonate 9,500 110 340 1.18
Polysulfone 9,000 40- 60 330-400 1.24
Polyamide-imide 17,000- 26,900 12- 15 520-665 1.39
Steel [14] 210,000-710,000 0.1 - 7.50
(1) Pounds per square inch {psi) values may be converted to the
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Properties of polysulfone and polyethersulfone

Property ASTM Method Udel Victrex/200p
color Amber Amber
Density (g/c.c.) D1505 1.24 1.37
Reflective Index 1.633 1.6%
Mold Shrinkage (%) 0.7 0.6
Heat Distortion Temp. (°C) D648 174 203
Rockwell Hardness D785 M69 Mo
Yield Tensile Strength {(psi) D638 10,200 12,200
Tensile Elongation Break (%) D638 50-100 40-80
Flexural Strength (psi) D730 15,400 18,700
Flexural Modulus (psi) D790 3%0,000 380,000
Coef. cf Linear Expansion °C~1 D696 5.5x1075  5.5x107%

Underwriters' Lab Temp. Index (°C) UL746

OO,

VICTREX

Table 1

*®
Properties of Poly (Aryl Etber Sulfones)

Property ASTM Test No. His-A Polysulfone Bis-S Polysulfone
Ta (oC) ———— 190 23u
Density D792 1.24 1.37
Tensile Strength (psi) D638 10,000 12,200
(yield) (yield)
Elongation (%) D638 50-100 3u-89
(Break) (Break)
Impact Strength D256 1.2 1.6
(ft.1b/1n notch)
Flexural Modulus (psi) D790 3.95 x 10° 3.7 x 10°
Tensile Modulus (psi) D638 3.7 x 10° 3.5 x 10°
Thermal expansion (in/in/oC) V696 5.2 x 10'5 5.5 x 10-5
Volume Resistivity (Q - cm) D257 3.2 x 1018 1087 - gul8
Refractive Index D542 1.67 1.65

* Modern Plsstics Encyclopedia (1976)
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figure -f. Lemperature dependence of zelt viscosity
for polvsulfone.

Property Value
Melting Point : 334°C
Glass Transition Temperature 143°C
Temperature of Maximum Crystalization

From Meit 256°C
From Solid 185°C
Maximum Crystallinity 48%
Specific Gravity
Amorphous 1.265
Full Crystalline 1.320
Water Absorption after 24 hour at 40% RH 0.15%
Processing Temperature Range 371-399°C
Melt Thermal Stability at 400°C > 1 hour
Coefficient of Linear Thermal Expansion 5.5x10"50¢c"1
Heat Distortion Temperature 152°C
> 40%

Elongation to Break
Tensile Strength (23°C) 14,500 psi

Underwriters' Lab. Temperature Index 240°C

%)
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- OX1DATIVE COUPLING

~ NOCLEOPBILIC AROMATIC SUBSTITUTION
ACTIVATED BISHALIDES
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=~ BLECYTROPHILIC AROMATIC SUBSTITUTION
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FACTORS INVOLVED IN THE SYNTHESIS OF HIG!
MOLECULAR WEIGHT LINEAR STEP GROWTH
POLYMERS

1. VERY HIGH PURITY MONOMERS (>99.9%)

2. DIFUNCTIONALITY (f = 2.00)

3. PROPER STOICHIOMETRY (eg. 1/1)

4. VERY HIGH CONVERSIONS (eg. p>0.99)

5. NO SIDE REACTIONS

6. ACCESSIBILITY OF MUTUALLY REACTING
GROUPS

AROMATIC ~ SUBSTITUTION

]

GENERAL SYNTHESIS OF POLYARYLENE ETHERS

X Y X ¢ HO-Ar-OH

XeCl F oc
0 Polar, apratic soivents
vel o, mc Mok KC0; we

{© @+

R.N Johnson, A G.Farnham, R A Ciendinning, W.F. Hale and
C.K Merriam, LPolym ScL, A-1, 5, 237 (I%7L

R.N Johnson. and A G.Farnham, W S Patent 4,175,175 (19751
To Union Carbide Corp

T.E Attwood, P.C. Dawson, LL Freeman, L R. 1 Hoy, 1 B.Rose
and P. A Staniland, Polymer, 22, 1096 (19811

R. Viswanathan, 8.C. "~hnson and L E t<Grath, Polymer, B,
1927 (19841
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Mechanism of Nucleophilic Aromatic Substitution
Reaction

Ary! haldies possessing eiectron

withdrawang groups are activated towards nucieophilic aromatic substitution due to the resonance

O
A"
NS / s Io
X, ]

g ¢

R_Tc,_O-CI %_O_R' Sow _1a_g
1 .
)

stabilization of the intermediate formed.
e

-~

=0

(o]

Keto or Cyano Group Can Also be Used in Place of Suffone
Functionality

Order of Reactivity of "X"
F>> Ci :

CH3

Na®@0—< :}— (:2
c

H3

0©

®

o .
|
Na + Q1 ? C1
0

Appropriate solvent +
Temperature

CH 0

P 3 ]

£-0 C 0 S
DIO O.Dt

CH3 0

SCHEME 4. The synthesis of a polysulfone via a nucleophilic aromatic
substitution reaction.



SCHEME 19.

Apparatus used in the synthesis of hydroxyl terminated
Hq/Bp polysulfones.

_ SCHEME 5,

Resonance forms of 4,4'
mechanism leading to th

2373

-dichlorodiphenyl sulfone and the
e formation of bisphenol-A polysulfone.




2 3% TABLE 7

CHARACTERISTIC FT-IR POLYSULFONt 'PEAK FREQUENCIES AND THEIR

ASSIGNMENTS
Frequency (cm'l) Assignments
3100-3000 Aromatic C-H Stretching
1590-1580 Aromatic C -C Stretching
1330-1290 Asymmetric 0 =S =0 Stretching
1250-1240 Asymmetric C-0-C Stretching
1155-1150 Symmetric 0*S =0 Stretching
1110-1100 Aromatic Ring Vibration
TABLE [ (Reterence 41
Polytary| ethers structures
- T T T T Water
Poty mer n5pic absorpuon
ne Pul)m:x repeat unit 106 ml g Tg"( wt *

) IO«J«_QJ_(H JSOJQ%_ 08 e oo
: {‘H@‘ﬁ@*F@”@)}
: %~©«5©}

>

TABLE 1 (contd)

Water
Pol Np € N absorpuon
or(vomer Polymer repeat unit lod)ml_'g Tg C wi %
6 >—<—< ) _)—SO—C:\L 041 230 1.30
<‘~H, cHy
o
(’ ( —-(‘—1(‘H [N

\f ey CH, H—C—CH, ),
'J

%@;@}&@4@-@}" 0.87 262 1.36
%g@%b&-@—so,—@}n 0.50 190 06"
WT@@SO,—@" 084 172 052

FeCl

SCHEME 6. Friedel-Crafts synthesis of an all aromatic polysulfone.

o T ' | fM06 G
- SEAR
o /| moouus
oo 0
! | L
o4~ s Rkl
; / . - sm
il - [
P
Les

FIGURE I  Mechanical loss curves for antiplasticized polysulfone (= polysuifone.-- -
30% arocholor 5442 + 70 polysulfone ). (Reference 3)
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FIGURE2 Lowtemp 1 loss for polysulfone - Arochlor 5442
mixtures {—=0% Arochlor 5442: — — — 10% Asochlor S442.— - — - — 20% Arochlos
5442.- - - - - 30% Arochlor 5442). (Reference 3)
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FIGURE 10 Shear modulus and mechanical loss versus temperature data for tetramethyl
biphenol based polysulfone. ( ydry, (-~ - - - 100% relauve humidity.
(Reference 3)
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l AcL

AMNO,

OOty

OO OO

NaOH / DMSO

OO, =

Bp
Calculated
Excess + - Q1 SO2 C1
o>
Hq
K2C03 NMP/Toluene
140-185°C :

@0 L g _ar—o @—soz —@O—Ar—@@x
X
l Acetic Acid
H{——O—Ar—O—@-—SDZ«-@-}—O—Ar —OH
X

Hydroxyl Terminated Hydroquinone/Biphenol Polysulfone

SCHEME 22. Reaction scheme for hydroxyl terminated hydroquinone/

biphenol polysulfone.

PRI g W g -
n
0

+ g s

—HC1

CHC1 3/NMP
(CH3CH2)3N

H—{—O—Ar—O—@—SOZ—@—}O——;Ar—OH
n
I 1 i I
+ol-00-4o-
OO0~

Poly(arylene ether sulfone)-poly(biphenol terephthalate) random
segmented copolymer

+ (O N (so14g)

<0 = <0-0-

SCHEME 25. Synthesis of a poly(arylene ether sulfone)-poly(biphenol
terephthalate) randomly coupled segmented copolymer via
the solution process



HOOC@—OH HO—&r—OH*N—-@-—SOZ-@'CY

p-Hydroxybenzoic Acid DCDPS

150-160°C DMSO/Toluene 2:1
12 hrs. ch03

BRSO e S,
n
-O-#-0-+- O

HC1(aq)

HOOC —@—H—@—soz —@o —Ar—03—
n
~O-~Q+~Ore

Carboxy)l Terminated Poly(arylene ether sulfone) Oligomer

Ar = -—@— and —@—@— 50/50 molar ratio

SCHEME 45. Reaction steps leading to the synthesis of carboxyl
terminated poly(arylene ether sulfone) oligomers.

TABLE 1

Polyethers Prepared with the Ullmann Ether

Reaction

04000

-OH0+0-0r

~0H0~000
0rO-0n.
<O,

239

ngp/C

0’ G an .

CHC13, 25°C Tg°C Tm'C
0.70 154 -
0.50 122 -
1.1 182 -
0.29 - 365
115 90 286



- . 3.8.4 Synihesis of a Semicrystalline Copolymer

-2 ‘/0' Reaction: ‘CH:,
DD+ wDoDm
CH

3
+

HO- @-Br

1) NaOH BENZOPHENONE
TOLUENE 4HRS -H,0

2) 200°C CuCl/QUINOLINE
8 HOURS

CH,
!
k0O kO,
CH,
Procedure: A 1:1 stoichiometric ratio of Bisphenol-A and 4Bromopheny! ether were used

with a 0.10 mole % of p-Bromophenol. The remawnder of the procedure was identical 1o that used

~ 1o synthesize amorphous Bisphenol-A-based poly(aryiene ethers)®

———

3 Higher reaction lemperatures may be necessary to ensure reaction of the 4-bromophenol, which may
polymerize 1o form semi-crystalline segments of the copolymer.

3.8.3 Synthesis of Semi-Crystalline Poly( Phenylene Ether)

no©a,

Reaction:

{c@g

Procedure:  4-bromophenol (0.20 mole) was charged to a reaction flask, followed by

benzophenone and toluene. The mixture was heated to form a homogeneous solution. An exact

equivalence of sodium hydroxide was added as a standardized solution. The reaction was heated

1o remove water formed from phenate solution. The toluene was removed after 2 hours. raising the

pot temperature to 200°C. It was cooled to 80°C and 3 mi of the CuCl-quinoline one mmolar

solution was added. The reaction was heated to 200°C for 4 hours and then was raised to 210°,

220° and 230°C for | hour time periods. The dark-colored solution was cooled and precipitated in

a acetone;methanolwater mixture (50/47/10 V/V;V). The brown powder was worked up as usual

but it could not be easly redissolved except at > 140°C in NMP, o-dichiorobenzene or

duutrobenzene. It was placed in a Soxhlet extractor for 24 hours using acetone 10 remove any

trapped benzophenone.
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SCHEME 9

CWCl « KOA¥  ———5 CuOAr + KCI4
=)
CUCAr + KON w8 (OAr,

Y-
KCUOAY, + ABI pmmmmn el ad
B

Ar—0—Cu

OAr
u e®
K

CuOAr A0y

[o} ¢ Sow OAr
U c B TABLE 14

Results of Poly(Arylene Eth i
the Ullmann Reaction °F) Synthesis Using

Several umpornant pownts were noted in this work
I Copper (1) was believed to be the catalyucally active form.
2. The halogen reactivity decreases 1o the order | > Br > C1 > > F.

3. The nature and position of substituent effects were similar to previously studied aromatic

nucleophibic substiiution.

AWATER
POLYMER ADSORPTION h:ﬂg 7o TpC

YT 1094 ag ! 847 109 " .
SCAN RATE, ] 0.13 082 18

[} erz (X 79 198 .-
e ";: e v - ] ® 2%
eSET. 730 9 v - 03 "

CAL/GOEC: % 4D441E-02
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“igure 19. DSC of Poly(Phenylene Ether)
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Oxidative Couplin

Reaction Mechanism: The overall reaction for polymer formation is

R
outlined below. il
-9 " - ‘ N.H
" O R’“ LN, tuna 20
2% e < Rz ¥
RZ Ry Ry
0% FQ—O + N H20
R

- 2 . oo R2
The predominant nature of the product s dependent exclusively on the
nature of the substituents R} and Rz. -

[4]
L 0 @
@ - @ ;:’ 0
r ©)
1) — (1)

"
&

o ¢
(2)
0e
0
|
) —p @'
0



Effect of Ortho Phenol Substituents on The

Product of Oxidative Coupling

2 43

Ry Rz Principal Product
CH3 CH3 Polymer
CH3 CaHg Polymer
CHj t-Butyl D1iphenoquinone
CH3 Phenyl Polymer
CH3 OCH3 Polymer
CoHs Cotig Polymer
{-Propy! {=Propyl Diphenoquinone
t-Buty! t-Buty! Diphenoquinone
) Q Polymer
=0CH3 0CH3 Diphenoquinone
-NO2 -NO2 No reaction
Glass Transition and Melting Behaviour of 2.6
Substituted 1.4 Poly(Arylene Oxides)
i
R’
R R’ TC 7uC
CH, CH, 211 268
CH, C.H, 169 )
CH, CHiCiH, % .
CH, CH(CH,), 144
OCH, OCH, 167
Cl Cl 28 269
CeH,4 CeH, 230 480
CeH, m. Toly! 219
CeHs p. Tolyl 21
Physical Properties of DMPPO Cots Cobuylphenyl 240
CuHs a-napththyl 234

Property

Tensile Yield ot 23°C (mpa)

Tensile Modulus (mpa)
Flexural Strengtn (mpa)
Flexural Moculus (mpa)
1200 Impact (notched) J/M
Oxygen Index

Density g/

Dielaztric Constant (at 60 Hz)

-Jn

Yalue

B

2690
114
2590

64-96
28-29
1.06
2.54

Dielectric Stranath (thirkmece 2 18 mal V/imm
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Svnthesis of Poly(Arvlene Ether)
Ketones Via Silyvlated Basphenols

T ™

éH: CH,
CsF 350°C (1 hour)
(0.twth)

{O--O-HO1

Synthesis of PSF Via
Silylated Bisphenols

| H H3 ﬁ
CH0 -o-II HCH,+ F I
CH, éH, CH, g

CSF (0.1 wt%)
180°C ( 0.5hour )
320°C (2.5 hours)

o\ /~

|
0—0—0

&y
O=wn==0

Allows ome to Synthesize Block
Poly(Arvlene Ether) Copolvmers

SOME CONCLUSIONS REGARDING TBE GENERAL

CHBARACTERISTICS OF POLY(ARYLENE ETHBERS)
« EXCELLENT THERMAL AND MECEANICAL PROPBRTIES
e HIGHE GLASS TRANSITION TEMPERATURE OR EHIGH MELTING POINTS
e TOUGH AND DUCTILE

« ETHER LINKAGES IMPART SUPERIOR EYDROLYTIC STABILITY
RELATIVE TO ESTER AND AMIDE PUNCTIONALITY

e CONVENTIOBAL PABRICATIOR TRCHRNIQUES CAN BE
APPLIED POR PROCESSING



























































































































































































































