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}' Production of BMI:

hydroxyl- chloro-siloxane condensation

\/ \ / 2 N(CH3CH,),
2 =
C |/ o~ \o/SI\o/S\u MEK

1,7-Dichlorooctamethylterasiloxane

4-Hydroxy Maleimide

#4@7 / N / N / N / N 4@7#13 2 HN(CH3CH,)5Cl

RER 1 Bismaleimide

Materials are in solvents (MEK, THF, EAc) and see elevated T
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' Removable epoxy foam:

040 e

RER 1 Bismaleimide

4 main components in Part A:
RER 1 BMI
N, N’-1,3-Phenylenedimaleimide (PDM)

Furfuryl Glycidyl Ether (FGE 0 0 @v
yl Glycidy (FGE) N@\N ) o\/v
EPON 8121
Furfuryl Glycidyl Ether
EPON 8121 contains: © o0 |
.

) ] . N,N'-1,3-Phenylenedimaleimide
Bisphenol A Diglycidyl Ether

0)
Pentaerythritol tetraacrylate E I e
0]
([)>Ao OMO :>:o ‘

EPON 8121 - Bisphenol A Diglycidyl Ether EPON 8121 - Pentaerythritol
Triacrylate

Constitutents have double bonds and epoxy groups to react@ Sandia
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aleimide with a siloxane bridge (BMI)

A reactive intermediate with a flexible linkage
A dienophile for Diels-Alder adducts
Unfortunately, also a molecule that can self-polymerize and hydrolyze

sensmve to hydrolysis

O
\SI
CH3 CH; CH3 CH3

polymer|zat|on via double bond
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IR spectroscopy of BMI
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Many signature bands, perfect for IR study
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Nearly every band can be assigned
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Key markers of polymerized BMI
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Important: Double bond, maleimide and succinimide ring@
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- 4 Wbility under different chemical conditions

76, ., 120071167 93
P ; s ECT R

' Si-CH,
{ 2062

Bl with traces of HZI {acidic)

| ph-OH
| 3483

WM B with traces of KOCH3 (alkaling)
| | d

11446

Bl with traces of triethylamine

Siloxane:
; P 2962, 1262,1087/1038, 803

o . Maleimide ring: 1149 and 690
= i ph-O-Si link: 923

BMI polymer 1200/1167

Bl gel {free radical)

1606,

| | 0 1262] lioq) | 1803
2 | | N . 1108Li0sg 4 |

E //\M_M EMI : i :
—* ’ 1149 '

T T T T T T
3500 3000 24500 2000 1500 1000 500

Abszarbance MWavenumber {cm-1)

Acidic is worse than alkaline, hydrolytic and free radical dam Moo
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Various KCP samples

3483 | ph-OH

A

1
1
I
_r,_h; KCP gel 2
1
1
1

| Si-CH, MEELE
| 2962 AN

1
____kaﬂj\uu_ KCP-BMI
1

11446

KCP gel B

KCF gel a

KZP nel 4

Siloxane: 2962, 1262,1087/1038, 803

Maleimide ring: 1149 and 690
KCP gel 3

ph-O-Si link: 923

BMI polymer 1200/1167

KCP gel1

BMI gel free radical)

T
3300

T
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All samples show polymerization with double bond and hydrolysis,

also some variation in silicone levels @ yond
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synthesis, speed of chlorosiloxane addition?

1512

Bl synthesis, 10 minutes
BMI synthesis 1 minute

pure Bhl
4-hydroxyphenylmaleimide

3

-CH
Siloxane: 2962, 1262,1087/1038, 803

Maleimide ring: 1149 and 690

BMI polymer 1200/1167

2962
ph-O=Si i

Si

triethylamine hydrachloride

dichlorosiloxane

ph-OH

3483

923

1149
1087/1038
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Good news, reaction Is fast and quantitative within minut@

Laboratories

Sandia
National



late reaction with FGE, Diels-Alder competition?
, BMI+FGE versus Tetra-acrylate +FGE ?

Good news, reaction is very slow and likely not an issue
Remains a stoichiometric physical mix.at 65C and 10h,

1 1
1 1
1 1
4_M stoichiomeatric 1:1 mix after 10h at B5C
1
:
1 1
1 1
1 1

stoichiometric 1:1 mix after 3h at 65C

pure pentaenthrital tetraacrylate

pure FGE

35|un aulnu 25|un QDIDD 1 slun 1 DIUD sulu San_dia
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A A
}. ow do we prevent BMI gelation?

* Need reproducible initiation to explore counter measures
 Traces of HCI in MEK sometime lead to polymerization

« Small amounts of H20 appear to retard polymerization

e Simple system, BMI in solvent, under mild reflux, drop of HCI

* THF appears to be more consistent than MEK
 Controlled experiments allow mechanisms to be studied
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=K _{
P J/ MI stabilization in THF, no antioxidant

30 min
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fast polymerization @ Sandia
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tlization in THF with 0.2% phosphite antioxidant

30 min

1
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no effect, fast polymerization @
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WMion iIn THF with 0.2% BHT phenolic antioxidant

1 1
1 1
1 1
] ]
] |
12—-—M B.5h

1

1 1

104

6
1 1
1 1
! ; Th
R e
| |
1
4- |
]
|
1
' 30 rnin
_J‘IL_
]
24 |

! !
] ]
] ]
) )
) )
: _A_A_._ pure M
e P

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Ahsorbance MWavenumber (cm-1)

Some retardation @ Sandia
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BN mion in THF with 0.3% BHT phenolic antioxidant

2h
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Seems to be stable for some time @ Sandia
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e Visual inspection for gelled particles in BMI
 VVery few batches show visual evidence of gelation

F
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| Iomparison:
* BMI synthesized in ethylacetate as an alternative solvent

 Nice amorphous film formation

@ Sandia
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BMI synthesis in ethylacetate

;1~'

Bl made in ethylacetate from JA

ﬂ

\

Absaorhance MWavenum her {cm-13

|ldentical features

fi Bl made in THF frarm JA W
T T T
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MEK, a reactive solvent?

High mutual solubility with H20 in binary system 28/12%
Self-condensation of MEK to mesityloxide equivalents
Formation of reactive double bonds

2X

CI<|3 I |CH3

_C=0| ——> CHz—CH,~C-CH=C

¢H: CHa

CHs | CHs
CHs CHz  CH3
>C:O — » |—C-0-C-0—
CH, CH, CH,
CHa CH; CHs

n

Ketone opening to polyether segments
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A
| gelation can continue even at RT
when catalysis is present, 88% MEK solvent !
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| “ ~ Conclusions

 BMI and other reagents in the Part A can potentially pre-react
* IR Is a very suitable technique to probe for reactions of BMI
 Nearly all bands have been assigned, specific bands for bridge
linkage and ring vibrations, double bonds
* NMR could be used, but longer acquisition and some peak overlap
* All observed gels involve double bond reactions
« BMI also Is very sensitive to hydrolysis
* Remedies: AO’s appear to retard polymerization,
but minimum concentrations are required
 Solvent change can be beneficial as it reduces self-initiation, will
also improve yields
e Goal: Improve production purity and material consistency from
96% to 100%

Sandia is a multiprogram laboratory operated by Sandia Corporation,
a Lockheed Martin Company, for the United States Department of Energy’s San
National Nuclear Security Administration under Contract DE-ACO4-94AL8500@ Na?iuﬁm
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