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SYNTAESIS OF POLYIMIDES PRODUCED FROM NOVEL HIGH 
TEMPERATURE POLYHEDRAL OLIGOM3RIC SILSESQUIOXANE 

DIANILLNFS 

Vonduw v i j , ' ~ r ~ ~ t ~  R. Yandck ' Timothy S. H W  ' Joseph M. ~ a b t $  

'ERC, Inc., ' ~ i r  Force Research Laboratory, Propulsion Materials 
Applications B m c h ,  I0 E. Saturn Blvd., Edwards AFB. CA 93524, USA 

introduction 
Polyimides (PIS) are used extensively in a variety of applications such as 

circuit-printing 61ms and semiconductor coatings in the micmle~tronics 
industry1, spacecraft materials2 including solar arrays, thennal insulation 
blankets, and spa= inflatable structures, and in coinponents in mndern 
aircrafl3. Pls are well known for their therrnal stability but are prone to long- 
term oxidative degradation and are notorious for having hygmthermal issues4, 
especially whcn used in fiber-reinforced composites. A potential approach to 
mitigating thcsc shoncomings is nancscale reinforcement. In previous work5, 
wc have dc~nonstratad protection of PIS in the low earth orbit environment 
through chemical bonding of a host of polyhedral oligorneric silsesquioxancs 
IPOSS) inlo polyimide backbones by copolymerization through amine groups 
located in the POSS organic periphery. Such protection is derived from the 
formation of parsivating silica-rich layers during polymer ermion in severely 
oxidative environments. To date, much of the relevant research perfumed in 
the area or POSS-polyimides has baen focused on cages exhibiting aliphatic 
pwipheries which intrduce an inherent rhern~al stability and solubility 
mismatch with the polyimide matrix. We have recently6 synthesized a novel 
high temperature POSS diamine that exhibits a strictly aromatic periphery that 
when copolymerized into the backbone of a growing polyirnide enables the 
POSS molecule to assume a pendant-type confmnation. Wc repon an initial 
assessment of the resultant propmics offcring a glimpse of the potential 
hcnefits rcalizcd fmm h e  use of the monomer in applications demanding 
pxrforrnanw: in challenging environments. 

Experimental 
Iiwtmmentation. 'H and 2Y Si NMR Spcxm were obtained on a Brukcr 

300-MHz spectrometer using 5 mm o.d.tubes. CDC13 and MeaSi was used as 
the internal and external reference standards, respectively. Dynamic 
rncchanical analysis (DMA) was performed on a TA Instruments Q8W on 
thin imidized films prepaml from solution casting on glass. Dynamic 
therrnogravirnetric analysis (TGA) experiments wcre conducted on a TA 
Instruments QIOOO IR instrument. 

Materials. 1M 3-[Bis(trimethylsilyl)a~nino]phenylmegnesium chloride, 
4-Bron1rrN.N-bis(trimethylsilyl)aniline and magnesium turnings were 
obtained From Aldrich and used as rccci vcd. Trisilanolphcn yl-POSS, 
Ph.tSi,&(OH),, was obtained from Hybrid Pla5tics. Silicon tetrachloride and 
Irichioromethylsilanc were ohtained from Hulls Chemicals and distilled bcforc 
use. Tricthylamine was obtained From Aldrich and was also distilled befi11.e 
use. Anhydrous THF (Aldrich) and hexanc (Aldrich) were further dried 
through an aluitiina column and w m  dcgasscd prior to use. Pyrotncllitic 
dianhydride (PMDA) was obtained from Aldrich and recrystallized in dioxane 
(Aldrich) before use. 4, 4'-Diaminodiphenyl ether (ODA) was obtained from 
Lancaster Synthesis and recrystallized in DMF (Aldrich) and Toluene 
(Aldrich) mixtore. Dimethylacctamidc (DMAC) was obtained from Aldrich 
and was urified by distillation under reduced pressure over BaO and stored ,," over 4A molecular sieves. All reactions were carried out under an inert 
atmosphere of dry N2 unless Otherwise stated in the procedure. 

Synthmir of Monomer A Precrwr, ~-CIM~S~IP~IN(TMS)~]~:  A 
solution of 4-BmmrrN,N-bis(uimcthyisiIyl)anil1ne (9.48 g, 30 mmol) in 25 
mL uf anhydrous THF was taken in an addiljon funnel and slowly add& to a 
stirring mixture of Mg (0.912 g, 38 mrnol) and anhydmus THF initiated wilh a 
crystal uf 12 and a drop of 4-B~~*N,N-bis(trimethylsilyl)aniline'. Tne 
reaction was allowed to stir overnight at ambient temperature, cannulated to a 
250 rnt  round b o t t o d  flask and very slowly addad to a stimng mixture of 
THF (10 mL) and trich~orornethylsilane (2.252 g, 15 mmol). This was allowed 
to stir overnight. The solvent was removed in vacun from the reac~ion 
rnixture and dry hexane added to extract the product by filtration through 
cclite. After removing all volatiles under a dynamic vacuum, the residual 
yellow colorcd filtratc was transfcrrcd to a 25 rnL flask and distilled using a 
Kugelrohr apparatus to givc di(N,N-bis(uimethy1silyl)aminophcnylchlom- 
methylsilane, as a colorle~s, very viscous liquid in 90% yield. I H  NMR 

(CDCII) 0.09 ppm (s, 36H. NSiCH3). 0.YZpprn (s, 3H. SICHI). 6.96 pprn ( ~ n .  
4H), 7.49 ppm (rn, 4H). NMR (CDCI3) 4.83 ppm, 10.70 ppm (ratio = 4: 1 )  

Synthesis of Monomer B Pre~ursor, m-ClMeSim(TMSk]*: A 
solution of 1M 3-[Bis(trimethylsilyI)amino]phcnylmapesium chloride (30 
mL 30 mmol) in 25 mL or anhydrous THF was taken in an addition funnel 
and slowly added to a stirring mixture of trichloromethylsilane in  15 mL 
anhydrous W F  (2.252 g. 15 mmol) and stirred overnight. After using a work 
up pmedure described above, meta product was obtained as a colorlcss, 
viscous liquid in 90% yield. 'H  NMR (CDC13) 0.08 ppm (s, 36H, NSICHI). 
0.93 ppln (s, 3H. SiCH?), 7.32 pprn (m. 2H).  7.28 pprn (t, 2H. J=7.5 Hz). 7.16 
pprn (m. 2H), 7.00 ppm (dt, 2H, 1=7.S Hz, 1.8 Hz). " ~ i  NMK (CIICI*) 4.83 
pprn. 9.89 pprn (ratio = 4: 1) 

Synthesis of P b y l  POSS-silanol, Ph,(Sis0130H: A solution OF 
distilled silicon tetrachloride (1.915 g, 11.3 mmol) in anhydrous THF was 
added slowly to a stining solution of 10 g (10.7 mmol) of Phenyl trio1 in 50 
mL anhydrous THF . This was followed by addition of NEt? (3.585 g, 35.4 
mrnol) in 5 rnL anhydmus THF over a period of L/I h. The rcaction mixture 
was stirred overnight followed by filtration. Thc filter cake was washed with 
distilled H20, THF and finally with chlorofom. The organic layer was 
separated and stirred with 20 mL dis~illcd water and 2 tnL R I M  dilutc 
hydrochloric acid for I h. The organic layer was washcd with H 2 0 ,  dilute 
HCI and brine solution followed by rotary evaporating to slurry and fully 
precipated in 150 rnL tech. methanol. After two hours uf stimng, thc mixture 
was filtered and the filter cake dried to give 9.19 g (92%) of pure Phenyl 
POSS-silanol. 2%i NMR (CDCII) -77.93. -78.2 1 ,  -78.27, - 100.386 (ratio = 
3:3:l:l) 

w. 

>3--Q'\ 
Monomer A 11% 1 

Monomer B 

\ ,*+?--o-/-? xGb 
c, cdh-a-u 

Figure 1 Two New Poss Diamine Monotncrs. 

Synthcsis of POSS diamine Monomer A and U: Monomer A nnd 
B are made via the same mahod.  To make monolner A, a solution uf 
di(N,N-bis(~rimcthylsilyl)a~ninophenylchloromethyls~lane, monomer AIR 
precurson ( 0.67 g, 1.216 mmol), in 2 rnL dry ether was added very slowly 
to a stirring solution of POSS-silanol (1.08 g , 1.1 mrnol) in 5mL dry ether 
and 2 n L  anhydrous THF. To this was very slowly added a solution of 
distilled triethylamine in dry ether (0.1 I6 g, 1.1 5 mrnol). This was 1cA stirring 
ovcr night. The solution was filtered to remove NEtl.HCI precipitate& and 
mtary cvaprated to slurry. The slurry was precipitated fully in 1.50 mL 
reagent grade methanol acidified with glacial acctic acid to givc K I S S  
dianili~w monomer in 98% yield. ' * ~ i  NMR (CDCI?) -8.185. -77.95, -77.77. - 
109.25 (ratio = 1:3:4:1). 

Copolymerization. Various proportions of POSS-diarninc monomer 
and 4, 4'-oxydianiline (ODA) were reacted with pyromcllitic dianhydride 
(PMDA) to form PMDA-(ODAIPOSSdiamine) coply(amic) acid. Thc 
copoly(amic acid) of 5 wt.% WSSIPMDA-OUA (1.9% SigOll) was prepared 
by first putting 0.083 mmol (0. l g) of  POSS-diaminc in 4 I ~ L  DMAC into a 
stimng solution of 4.50 mmol (0.901 g) of ODA in 4 mI, DMAC in inefl 
atmosphere. Then, after POSS-diamine and ODA had dissolved complc~cly, 
4.585 mrnol ( 1  g) of PMDA in 4 mL DMAC was slowly added tu the slimng 
mixture of POSS-diamine and ODA. The sulution was btimd continuously 
overnight and a viscous poly(amic) acid (PAA) solution was obtained. I0 w?. 
% (3.8% Sia13) ,  I5 wt. % (5.7% SiqO11) and 20 wt. 5% (7.7% Si9O13) copoly 
(arnic) acid wcre obuincd similarly by changing the various loadings. 

5% POSS 10% POSS 15% Poss ZOQ!'oSS 
POSS 0.1 g 0.209 g 0.328 g 0.4W g 
ODA 0.931 g 0.883 g 0.863 g 0.841 g 
PMUA I g 1 g 1 g 1 g 

Distributiun A. Approved for public release, distribution unlimited 



Reprint 

PMDA-OUAmOSS-diamine mlxtures werc c a ~ t  on glass slides and 
subsequently put in  vacuum oven at BI)(l C for4 hours under a nitrogen purge. 
Imidi~ation o f  POSS-PMDA-ODA was car r id  out by putting the samples in a 
nitrogen circulated vacuum oven at 120, IM. 2CK). 230 Tor I h each and then a1 
280 % for 2h to cnsure complete imidization 

1 833 ODA 0 167 POSS DlAMlNE 2 . W  PMDA 
36.5 wt % 20.0 uR % 43.5 wt % 

20 wt % POSS KAPTOW 

Figurr 2 Polymctization tu Furm POSS Kapton. 

Results and Discussion 
Effects of Copolymerized Phenyl POSS on the Dynamic Mechanird 

Properties, Dampening, and Glpw Transition Temperature of Kapton 
Copolymerization with sidc-chain iype POSS advcrscly affecls the 
"Young's" mdulus  in f i lm trmsion enpcnmnts due lo a decrease in  chain 
in\rr~ctiuns caused by thc presence o f  pendant POSS molecules. However, 
Ihe mechanical prqerties can be tuned by varying Phenyl W S S  content due 
lo a compt.tltion between introducing free volume and thc ~ntcractions o f  
assemhlwl WSS prnpheries in thc equilibrated strucium 1.S weight % 
Phenyl PDSS demonstr~tts superiur elastic propertics tn the other copolymers 
(Fig. 3a). Thc dalirptng fxtur, 6, is a meaurc o f  a malerial's p rops i t y  for 
energy absnrpilr>n ~hrouph molecular rcarrangemcni, the peak of which rs 
oftun reganled a5  he glass transition temperature of a polymer. Phenyl 
POSS-Kapron copo l yms  containing more than 10 weight W POSS fealure 
higher glass transition tempwatu:es (-20°C) and lcss derorrnation under stress 
in comparison with the cuntrol. hrghlighting ~ h c  benefits of  the aromatic 
interactions hetween assembid POSS mc~ltxults in the equilibriunl structurr 
of the resultant copolymers (big. 3b). 

Fig 3. (a) l'an delta and (b) storagc mdulus  curves vs. temperature for 
Kapton and Phenyl POSS Kapton copolyrncn 

Effects of Copolymerized POSS on Thernral and 'Jlwrmo-Oxidative 
Stability 

Copolymcrimt~on nf Phenyl PC)SS wtlh Kapton slightly improves the 
thermal stability of the rwultant copolymers in an inen atmosphere as 
evidenced hy thcrmal gravimetric analysis in  a nitrogen environment. also 
improving thcir char yieldr (scan rate 10"Uminutc), despite the likely 
increasc in  vt~lume inrroduced by copolymcriw~~nn with R I S S  
molecules. The ~hcrrnwonidativz stability o f  Kapton is subslanlially impmvcd 
by the incurporat~on of 15 weight pcrccnt Phenyl POSS as evidenced by TG.4 
experiments condur id in an air atmosphere (scan rate 1O0Uminutc). 

~grrprd-  PC) T m p m n  (*I 
Figure 4. (a) Weight loss profiles and (b) weight loss rates vs. Icmpcraturc 
fur Kapton and Phcnyl POSS Kaptun copolymers. 

Figure 5. Optical micropphr  of Phenyl WSS Knpton cqolymrrs 
dcri~onstrating WSS assembly and low refracrivc index ~nismatch. 

Conclusions 

The synthcsis elf a novel POSS diamine colltaining an aromatic 
periphery tar~crinp appltcatiuns with challenging tcmpxaturc and uniclation 
quircnlc.nis ha< b a n  reprted. Copolymcrimtion of  he diamine monomer 
with Kaprcrn ~~npans  improvements in rncchanical relaxation rrbpunss under 
slress and ihermo-oxtdal~vc stability. PnSS aggregation in copoly~ners IS 

likely a main contributor to t k  observed performance impmvcmcnls allhouph 
the phaw scparation comes at litlle cost lo film clarity and light transmissivn. 
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