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Research objectives:

e Adaptation of sol-gel processes for facile/efficient synthesis

of PIB with inorganic moieties for the production of novel
hybrid stars and networks.

e Examination/testing of the physical properties of these novel
constructs.
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e Hybrid materials: organic materials physically or chemically
bound to ceramics (nonmetallic, inorganic materials).

Ceramic-polymer
(CERAMER)
nanocomposites
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e Hybrid materials offer the high strength of ceramics while
providing the toughness and potential for processibility
inherent of organic polymers.

o Potential applications

e Reinforced polymers

Toughened ceramics

Protective coatings

Optical devices

Adhesives



Sol-gel techniques are instrumental for the synthesis of hybrid
materials.

e Ceramics are usually formed at high temperatures that
degrade organic materials.

e The sol-gel process offers low temperature routes for
syntheses.

e Sol-gel chemistry provides a means for chemically bonding
organic materials to ceramics.



e The term “sol-gel” refers to changes that occur as
metalorganic monomers are polymerized to ceramics.

Visualization of the sol-gel process
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Typical metalorganic monomers

tetramethoxysilane (TMOS)

‘Bu

0
Bufm"l'if(FBu

(o)

titanium n-butoxide (TBO)

e readily available

e easily purified

o
CH,

o
\
CH3*CH2*W‘SF(FCH2*CH3

o
ch
CH;

tetraethoxysilane (TEOS)

CH OHs
o 9

CH; 0-Si~0-Si—0CH;
o 9
CH; CH,

hexamethoxydisiloxane

e react readily with water to form chemically pure ceramics.



Sol-gel chemistry primer

Acid or base catalyzed reactions

e Hydrolysis of metal alkoxides

hydrolysis
—=SiOR + HbO —————= —=Si OH + ROH

esterification

e Condensation

condensation
—Si-OR + HO-Si— —— =8Si—0-Si— + ROH

alcoholysis

e Condensation

condensation
=SiOH + HO-Si—= B —— =8Si—0—-Si= + H-0
hydrolysis

Condensation may commence before hydrolysis is complete.



Effect [H,O] : [SI(OR)4] =r, on the Kinetics of gelation
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Disappearance of unhydrolyzed TEOS during
acid-catalyzed hydrolysis (**Si NMR).”

Si NMR spectra of acid-catalyzed TEOS
(r =2). Chemical shift,d (ppm), relative to
TMS!

1. R. A. Assink, unpublished.
2. J.C.Pouxviel, J.P. Boilet, J.C. Beloeil, and J.Y. Lallemand, J. Non-Crystalline Solids, 89 (1987) 345.



Effect of catalyst strength/concentration on gelation Kinetics
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pH Gel time versus pH of reacting sols prepared
pH rate profile for the hydrolysis of from TEOS (r = 4).*
phenyl tris(2-methoxyethoxy)silane in
aqueous solution.®

3. Ponhl, E.R.; Osterholtz, F.D. Molecular Characterization of Composite Interfaces; Plenum: New York, 1985; p 157.
4. Coltrain, B.K.; Melpolder, S.M.; Salva, J.M. Proceedings of the IVth Int’l. Conference on Ultrastructure Processing of
Ceramics, Glasses, and Composites; Tucson, AZ, Feb., 19-24, 1989, p 125.



Effect of alkoxide and alkyl substituent structure on gelation Kinetics

Rate Constants for Acid Hydrolysis of Alkoxyethoxysilanes (RO),Si(OEt),., at 20°C.>

RO—
?Ha (‘3H3
CHy—CH—CH CHs—CH—CH
CHs(CHp)s—O— : oo ’ oo
CHy” CHs— CH—CHy~
CHs
n k, 10> (I mol.* s [H'T?)
0 5.0 — —
1 5.0 0.15 0.038
2 1.1 — —
3 0.18 — 0.030

Acid catalyzed hydrolysis/condensation of methoxysilane monomers.°
tr. bl. = translucent blue, trp. = transparent, op. = opaque, prcp. = precipitate, vsc. = viscous,
crst. = crystals

Polymerization Results
Monomer Acid-Catalyzed Base-Catalyzed Water
Si(OMe), tr.bl. gel trp. gel tr.bl. gel
MeSi(OMe); gel tr.bl. gel vsc. oil
EtSi(OMe); resin resin/crst. resin
t-BuSi(OMe); prcp. crst. prcp.

5. Aelion, R.; Loebel, A.; Eirich, F. J. Am. Chem. Soc., 1950, 72, 5705-5712.
6. Loy, D.A.; Baugher, B.M.; Schneider, D.A. J. Polym. Prepr., Am. Chem. Soc., Div. Polym. Chem., 1998, 39(2), 418.



Formation of polysilsesquioxanes

@ €]
H or OH
n RSi(OR"); + 3/2nH,0 — —— —

Structures of polysilsesquioxanes

n = even integer
Polyhedral oligomeric
silsesquioxanes (POSS).
R = H, CHy, allyl, etc.

[RSiO3/2], + 3n R'OH

n = infinity
Amorphous networks.
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POSS copolymers’
R 0
N N e
Si—0—si Sico—sivy oal. 9 O\ 0
R 4N 1R . R 1% 1 R A Si—0—si5R
HOAY; 2 05 OR X,SiR’; HOMY; @ QR R"I‘;Si—o-cl)-§i-g
R~|-Si~0-|-Si—~g e R=|-Si—0-]-Si~g ?,0 0
-2 HX %5 |I' Si—O0—Si
/Si—O—SI Si—0~—Si &’ \R
R % X = Cl, NMe; K \
(R = ¢-CeHy))
Exodisilanol
R’, comonomer To(°C) | T (°C) | Teee (°C) | Mo x10°% | M, x10°% | M,/M,,* | DP
Me, 40 — 490 11.5 15.5 1.34 11
Me, Vinyl 48 — 490 37.5 61.2 1.63 34
Me, MeO(SiMe,0),SiMe, | 23 | 114 | 495 28.1 114 406 | 21

®From GPC measurements.

7. Lichtenhan, J.D.; Ngo, Q.V.; Carter, J.A.; Gilman, J.W.; Feher, F.J. Macromolecules 1993, 26(8), 2141-2142.



14

POSS macromonomers®

Mey /J}(

g™ "%...n

]

methacryloyl-SiMeCl, B~.g)

R
R4S I
EtsN/CHCI3 ;{ }5 R
25°C —o—s8|
R R H A A
Y} V4 R P H
jl p;&lI 3 :g"’“ POSS-methacrylate
AR5 2 siPn ELNOH g ‘”‘q'di Ec
R Sl o181 —— N ]
% ‘5"5\“ THF/H,0 “'Jtls T M /\}46’
Sl—0—S] f
hY l——5I k
n/ R A Sa n\s/.?} qsp_n
- . L. . \ d
R =i-Bu, vinyl, c-CsHg, c-CgHyy Endodisilanol norbornyl-SiMeCl, 15 0
\ ~s1P0—s1.9p
R ' I
EtsN/CHCl3 p R
25°C l—0—S
R R

POSS-norbornyl

8. Feher, F.J.; Terroba, R.; Ren-Zhi, J.; Wyndham, K. D.; Lucke, S.; Brutchey, R.; Nguyen, F. Polymeric Materials:
Science and Engineering 2000, 82, 235.
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Sol-gel synthesis of polystyrene stars®

1. Precursor synthesis

M, M, M, M./M,

(GPC) (*HNMR)* (*HNMR)® (GPC)

CH; H 3900 3000 3100 1.19
c,.,rc,..rc..,{c,..rc..,%c"rc@ Li® 3100 2700 2700 1.13
X 3900 3500 3500 1.22

*Ratio repeat unit resonance to initiator fragment
PRatio repeat unit resonance to Si(OR)s

+
Si(OCH3)3 Solvent: CDCl3
C|CH24@/ #Scans: 23792
Freq.: 99 MHz
l THF, -78°C Si(OCHa)3
CH3 H Si(OCH3)3

| |
H;— CHp— Hy— Hy € CHy—((f
CH;—CH, CH{CH; CH) CH, C—CH;
. v 1 . 1 . 1 . 1
=532 -534 -536 -53.8 -54.0 -542 -544

THF | 1.0 M HCI : ., ppm :
l °Si NMR of triethoxysilyl terminated PS.

9. Long, T.E.; Kelts, L.W.; Mourey, T.H.; Wesson, J.A. In Star and Hyperbranched Polymers; Mishra, M.K;
Kobayashi, S., Eds.; Marcel Dekker: New York, 1999; pp 179-199.



Sol-gel synthesis of polystyrene stars

2. Linking of precursors to stars

CH;

H
cua—cuz—c‘:u{cuz—(\:H%(cuz—c‘:%uz@

l-Hzo

OH  oH
CH; Si- 0—Si CH3

cus—cuz—é%cuz—c%cuz—cuz%uz@c‘m c‘,;@curcmcm{(‘:mcnztt‘:mcnz—cm

Si(OH);
+ 3 CH30H

+ precursor arm l -H0

| |
CH, Si—0—Si CHs

\
CH3fCHzfCH%CHzf(‘:H%(CHszHZ—CHZ—@‘OH ;s \@curcmcnz{cmcuztcmcuz—cm
\
@ @ HO—Si—OH
CH,3

|
cuz—cmcuz\it‘:mcuz}cmcuz—cus
X

Q
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Effect of precursor M, on star growth

at 120°C/240 hours.
Precursor Condensate  Number
M, M, of arms
2,100 35,100 17.0
8,400 84,200 10.0
49,800 137,000 2.7
Precursor

3.00 — PS-CMPTMS

2.50 -

2.00 —

1.50 —

1.00 —

0.50

0.00 |

2.00
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ORMOSILs: Polyoxazoline-silica hybrids®

CH3 CH3 /0 CH;
CH,0Ts N % _~_Si(OEt)3
N/ o S CHgi/ Mﬂ\ >0 cOTs

>
>

CH;._O CH;__O
j ® lon Exchange Resin \(
CH3 NV?.} 2 " “Si(OEt); > cuﬂmﬁ 7 Si(OEt);
©0Ts
CH; ih
| N (o]
N N
\ CH;OTs N y /
P~ X ST, 1s0e | ep— Ao | coTs
o o |
CH

CH;

A CHs 1) HN__~__Si(OEt);
TsOoc 07¢° WN)/\/WNMMN)\\ cOTs >

2) |on Exchange Resin

CH o
CH; R

(EtO)3Si. MN);}/ WN/\/QW MSi(OEt);;
CHj3

o

CH;
Initiator ~ Time (h) Yield (%) M, ("H NMR)
MeOTs 11 100 1000

Bifunctional 8.5 84 2000

Saegusa, T.; Chujo, Y;, lhara, E.; Kure, S. Macromolecules 1993, 25, 5681-5686.
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POZO DP? POZO/Si(OEt), POZO (wt %)" H,O content*
9/9,
(EtO)sSi— 9.0 1/2 50.0 2.98
(EtO)sSi— 14.4 1/2 47.2 2.26
(EtO)sSi— 9.0 1/10 15.6 1.87
(EtO)sSi—Si(OEN)3 16.1 1/2 53.1 3.46
Silica gel — — — 1.53

“Calculated from the feed ratio "Calculated from elemental analysis ¢(grams wet gel)/(grams dried gel)

[Pozol— SitoEu; |

-+

Si(OEt),

HCI aq +

[Si{OEN; [P ozo}— Si(OE; |

+

Si(OEt),

HCI aq +

7 =)

L7

Vet
o

[PO29]

=

§ 3
- -D—SII—O—éI—D- -
! g *a
, 1
) CH3
5 L [N
wo—éi—o—élimrr’%f’ ""'"""""'““‘N#i—o—éli—ow
':.' -::Hs/ko -::HB/J\-:- q '%'
1
' l |
b H F
4 ; 5o/
n—éi—o---------o—%:—-}-------—o—#i—d
o o o
E g :

Schematic representation of polyoxazoline-modified silica gel.

[llustration of the interaction between a
polyoxazoline segment and the silica matrix of a
hybrid material.



Sol-gel synthesis of PIB silsesquioxane stars

1. Synthesis of allyl terminated PIB

cHs cHs
Qcm + nCszc‘: + TiCl,
CH; CH;
CgH14/CH;Cl | DMA
60/40, volivol) | or
( , volivol) -80°C
CHy CHs CHs
Qc%cnz c}cl-l2 c cl
CH; c|-|3 c
cHs
1) CH;—CH-CH,Si-CH; | 2) MeOH
CH;
CHs CHs

Qc{cuz c}cu2 CH=CH,

CH3 c|-|3

Resnonse (m\/)
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Typical SEC data for allyl terminated P1B?
M, My, Mu/M,

9,400 10,100 1.08

® relative to narrow polyisobutylene standards

14 -

12

- 38.30

Time (min)
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Sol-gel synthesis of PIB silsesquioxane stars Typical SEC data for triethoxysilyl terminated P1B®
: . : : M My,  Mu/M,
2. Synthesis of triethoxysilyl terminated PI1B 9,300 10,000  1.08
“relative to narrow polyisobutylene standards
CH; CH; OEt y =
7] m

Qc{cuz c%cuz CH-CH, + H—Sl OEt ] ®

CH; CH3 OEt 127

-
(=]
"I |

THF/ 70 °C/ Ar(g) l Pt catalyst

Response (mV)
h
1

CH; CHs OEt A
Qc{cuz c%cuz CH> CH,— s- OEt 4.
CH;3 CH3 OEt 2
0- a —
THF/70°Cl1-0M HCI 24T
¥ 3B B/ 0 42

Time (min)

Typical "H NMR results for hydrosilylation of allyl terminated
PIB with trlethoxysnane

Al o gl




Sol-gel synthesis of PIB silsesquioxane stars
3. Linking of precursors to stars
?H3 (":H;; ?H
Qc{cuzcﬁcuzcuzcuzmou + 3 EtOH
CH3 CH3 OH
- H,0 l
CH; CH; OR

| | \
C—CH,[ C—CHz CH, CH,Si—OR
Q | 2| ¢ 2/ CHz CHpSi

CH; CH; OR

OH CH CH3

\ I | 057
R= SiCHZCHZCHz%CCHz c or H 1
n

OH CH3 CH3

22

Response (mV)

ot
o
|

0.0

-38.33

-38/F7

1.0
32

R
Time (min)

Typical SEC data for acid catalyzed condensation of triethoxysilyl terminated PIB?

M, M, M,/M,, Number of arms %"
Precursor 9,300 10,000 1.08 — 63
Condensate 32,800 35,400 1.08 3.5 37

*relative to narrow polyisobutylene standards’determined by comparison of peak areas

42
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Sol-gel synthesis of PIB silsesquioxane stars

4. Synthesis and linking of trichlorosilyl terminated PIB

CH3 CH3; Cl

| | |
C [ CH; C | CH; CH-CH; + H SiCl
Q 2T a2 2 N

CH; CH; cl

THF/ 70 °C/ Ar(g) l Pt catalyst
CH3; CH3 cl

| | |
C [ CH; G | CHy CH CH; Si Cl
Q 2T T v Eh2 s

CHj3 CH3 Cl

THF/H,0 l 70°C

CH; CH3 OH

| | \
C CH,C CH; CH> CH>Si-OH
Q ‘4E 2 \{h 2 2 29l + 3 HCI
CH3 CH3 OH
- H20 l
ghe _gHs oR
C CHzC——CHz CH; CH;-Si—OR
Q ‘ zE ‘ 2]Ln 2 273 I
CH3 CH3 OR

OR CH; CH;

OR CHs CHs
= Si-— CH, CH, CH C—CH—C
R ‘ 1 2 2 2<E ‘ 2 N ‘ @ or H

s
1
- 32.6B

Response (mV)
on m

o

ORI - S X

&
&
3
b
&
&
B
RS

Time (min)

SEC data for uncatalyzed condensation of trichlorosilyl terminated PIB®

M, M, M., MJ/M, %
Precursor 9,600 9,300 10,000 1.08 2
Condensate 455,800 110,900 492,300 4.44 98

“relative to narrow polyisobutylene standards
"determined by comparison of peak areas
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Conclusions

e Over the past several decades, interest in hybrid materials has grown. This developing
area requires attention.

e PIB can be functionalized with groups that can participate in sol-gel processes. This
provides a link between sol-gel chemistry and living carbocationic polymerization.

e The combination of these two techniques will give rise to novel materials which may
possess improved/useful properties.
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