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K., Part. 1. Disilene Chemistry (in collaboration with Prof. J. ;:fr
o Michl, University of Utah) é,f
ﬁ In December of 1982 our initial report was published on 35:
A tetramesityldisilene, the first componnd containing a silicon- 5y
N silicon double bond. Considerable national and international ﬁk{
N publicity arose from this breakthrough, which seemed likely to ;-}
open a large new area of silicon chemistry. The key compound is -

made by photolysis of a trisilane precursor at -80°C: Fg;

§ Mes2Si(SiMeg)o 'jg%%g—? MesgSi=SiMesp, 1 ek
& Mes = 2,4,6-trimethylphenyl ;:?

During the period covered by this report, a number of 'ﬁiq
- chemical reactions of tetramesityldisilene have been carried out. '
- The compound behaves like an olefin in some reactions, for in-
Y stance addition of hydrogen halides or chlorine:

o C1 e
) MesoSiCl-SiClMesy <——2— MesgSi=SiMesy —S1—> MesySiCl-SiHMesy

N It will also undergo cycloaddition with acetylenes to give the ]
. corresponding disilacyclobutenes: E?1
= T
- —Si Si— o
‘MespSi=SiMesg + RC=CH —> | I
b
cC—=¢C
1 s N
H R

Carbonyl compounds also cycloadd to 1 to give four-membered ring
¥ compounds. Upon photolysis in the presence of ethanol, the
latter are cleaved to form species containing Si=O and Si=C
double bonds, which are trapped by reaction with ethanol:

OEt

[MesySi=0] —EtOH MesoSi-OH
2 —EL0 2

MesoSi—SiMesy ———*g:oﬂ + ¥
—_— [Mes,Si=Clgp] _EtOH 5 yes,Si-CHR
0——CR2 AIRFOP”:my?r, 2 2 2
I ne s
NOTIGR p e oo LERTIRIC RESEARCH (ARsC) OEt
Tht >tL..“ . :.'l,"‘
APD - avas Premln e ey,
Dloteftoe .+ . BEERRNLE
MATTHEY 7. ) ‘

n‘_‘. S

Chier, Yeehniea: 1 formmtion p ivision
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By similar photolysis of trisilane precursors two new disilenes
2 and 3 have been prepared. Because they contain different sub-
stituents on each silicon atom, 2 and 3 can exist as c¢cis or
trans stereoisomers.

Mes Mes N(SiMeqg)
, 7 N 7~ 372
SlZZSI\%; Si—Si
Mes (MegSi)zN// \\Mes
Mes Mes Mes Mes
Si—Si Si=Si
N~
(Me3S8i)oN N(SiMe3)q
2 3

Compound 2 is initially obtained in the trans form but can be
converted to a 40:60 mixture of c¢is and trans isomers by irradi-
ation with ultraviolet light. Compound 3 is initially isolated
as the cis isomer, but slowly transforms to the tramns isomer at
room temperature in solution. Studies of the rates of cis-trans
interconversion of 2 and 3 show that the activation energies

for this process are between 25 and 30 Kcal/mol. This is the
first measurement of the "energy'" of the Si-Si pi bond. The
value is approximately half as large as for a normal carbon-
carbon pi-bond.

The three known disilenes all react with oxygen at room
temperature to give similar dioxygen adducts, with four-membered
ring structures, compounds 4, 5 and 6. The structure of 4 has
been determined by x-ray crystallography; it shows a remarkably
short Si-Si distance of 231 pm (2.31A). This is even less than
the usual Si-Si distance between silicon atoms which form a single
bond. In addition, the Si-0-Si bond angles are surprisingly
small, 86°. These results suggest that a silicon-silicon bond
is present in 4. However if that is so, there are not enough
electrons to form single Si-O bonds around the ring, and the Si-O
bonds must be electron deficient. The structures of 4-6 thereby
provide a new and unsolved problem in chemical bonding.

Mes\ _ R 05 R N J/ O\ /Mes
/Si:Si\ SE— /Si‘\"”)Si\
R Mes Mes 0 R
1, R = Mes 4. R = Mes
2, R = t-butyl 5, R = t-butyl
3, R = (Me3Si)oN 6, R = (Me3Si)oN

-
~

. K4
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However at low temperatures in solution, oxidation of 2 pro- CQﬁ
duces no . The products are instead the '"epoxide" 7 and the R
1,2-dioxetane 8. Upon warming above 0°C, 9 slowly isomerizes f?ﬂ
to 5; the oxidation is fully stereospecific. Both 7 and 8 EN
s
=l
e
e
/,Mes "?:
Mes \ / :ZTJ
) 7 0 o
}j 4 i
* i 0, *~_ 7 \_ _Mes i
—~S5i=8i + _Si Si_ fotha?
s T g TN T iE
Mes X RN
~Nas . 5
Sl"—“‘Sl\M ’ -~ Ry

| | Mes 5eg

0—o0
8

are previously unknown types of compounds. The crystal struc-
tures of these substances are under investigation.

Reaction of 1 or 2 with sulfur produces three-membered
ring compounds. The structure for the product from 1, deter-

mined by X-ray crystallography, is shown below. Remarkable
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features of the structure are a very short Si-Si bond length, fvhk
indicating partial multiple bonding between the silicon atoms; :\é

and a nearly planar arrangement of the carbon and silicon atoms 3
around each silicon. These facts suggest that the molecule may g:
be a pi-complex between the Si-Si double bond and a sulfur atom: :ﬁ'

<
A
S~ ~. G
S- Iy L QS W— . -
S8 —°1 S1 /Sl.__—'v—..Si\ -
MesgSi=SiMesg —> \\\ ,// <> A N
s s 5od
i
Part II. Polysilane Polymers
Many examples of polysilane high polymers have been syn- "
thesized during the period covered in this report. These polymers :
are prepared from diorganodichlorosilanes and sodium metal; g
either homopolymers (9) or copolymers (10) may be made: -
rl 1 g3 PO
Na,CrH | RIR2SiCly  Na,cqH |
R1R2SiCl, —1_15<’Z_S> €Si¥g + - T8 > <¢SiytSidg e
l R3R4SiC12 10°C | | Rty
R2 RZ  r4 2
.‘-.'.\--:
2 10 -
i~
The polysilane polymers are meltable and soluble in organic sol- .
vents; they can be cast into films, formed into solid objects e
by molding, or drawn into fibers. Three important uses for -7
polysilane polymers are under development in other laboratories: —
1. As pyrolytic precursors to silicon carbide, in the form of "
fibers, coatings or solid matrices; 2. As photoresist materials
for the mahufacture of computer microchips and other micro-
electronic components; and 3. As photoinitiators for polymeriza- ST
tion of acrylates and other vinyl compounds. RRE

A. Crosslinkable Polysilanes

Silicon carbide is potentially very important as a part C e
of Air Force structural materials, such as high-strength com- el
posites, turbine blades, etc. There is much interest in making
silicon carbide from polymeric precursors such as polysilanes.
However, in using polysilanes to generate silicon carbide, a

........ - o, . - . . A T T -ttt A '.'-'.'.‘v".';'-".'»"-.-'~‘-'.'-‘-'-"4'-'.'. LY
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major problem has been to bring about strong crosslinking, so
that the maximum amount of silicon is retained during thermolysis.
Without crosslinking, much of the silicon in the polymer is lost
upon heating, as volatile silanes, and the yield of silicon
carbide is therefore greatly reduced.

During the grant period we have developed five new polysilane
systems which can be readily crosslinked. These should be superior

starting materials for the synthesis of silicon carbide by thermolysis.

1. The first of these systems consists of copolymers which
include silicon atoms in five-membered rings containing four carbon
atoms. Upon exposure to oxygen above room temperature, some of
these rings open with oxidation and crosslinking takes place
through oxygen:

|
0] R
é \ = 0y I '
! heat ~Siy—tSiy,
Xsi5—Siy < N
n | m R
R 0
|

2. We have found that allyl groups can be incorporated into

polysilane polymers. The resulting allylsilane copolymers undergo
rapid and efficient crosslinking when they are exposed to ultra-
violet light:

N

. 7
MeSiCl, § R Me R
+ “_Ni‘o" SIS, s SIS,
RR'SiCl, 110 Me R' R'

~S i

3. Using special techniques, polymers have been synthesized

which contain some silicon atoms bonded to hvdrogen. These become
crosslinked when mixed with substances containing several vinyl

groups, in the presence of a PtCl
pound useful in this process is t%ivinylphenylsilane:

catalyst. A typical vinyl com-

Ph R Ph R
| { ptCl4 | \
~Siy—¢Siy— ¢ (/\rBs iPh ———=— ASH;~Sire
{ |
1 R'
H R ~~SiPh
~e S~

> v
A
PS4
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This chemical crosslinking takes place at room temperature, making
possible the room temperature vulcanization of polysilanes. The
process is analogous to room temperature vulcanization which is
used in silicone polymer technology ("RTV silicones').

4. Any polysilane polymer, mixed with a compound containing
several vinyl groups, can be rapidly crosslinked with ultraviolet
radiation. A typical compound used in this process is hexavinyl-
disilabutane:

hv ?

iy= + (ASSiCHZCHZSi—(/b)S —2 3y a~Si~—~—Si~—

' )

v SiN-Si

—

o-W-a

N\f‘si"‘w

5. The same process as in 4. can be accomplished using a
free-radical initiation such as a peroxide, and heat, in place
of ultraviolet irradiation.

These processes may make possible a more efficient prepara-
tion of silicon carbide from polysilane chemical precursors.

B. Polysilanes as Photoresists for Computer Chip and Printed
Circuit Manufacture

The usefulness of polysilanes as photoresist materials was a
joint discovery between this group and scientists at the IBM San
Jose Research Laboratories. Photoresists are a crucial part of
modern electronics, upon which all of our defense effort is based.
The complex topography necessary on silicon chips and integrated
circuits can be generated only by photoresist technology.

Photoresists work in two modes: positive, in which the
exposed polymer is made more soluble so that it can be removed,
leaving the unexposed polymer in place; and negative, in which
the exposed polymer is crosslinked to make it less soluble, so
that it will remain behind while the unexposed material is removed.
Polysilanes, unlike any other known photoresist materials, can be
made to work in either mode. At the moment the greatest interest
is in polysilane positive resists,

Several physical properties of polysilanes make them especially

desirable as photoresist materials: 1. Very high extinction co-
efficients in the ultraviolet region; 2. Rapid and efficient

photoreactions (either chain scission or crosslinking); 3. The
wavelength of the absorption maximum decreases with decreasing
molecular weight. These properties combine to give the polysilanes
exceptional sensitivity in photoresist applications. 1In addition
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a further property is most important. Because they are silicon
: polymers, they can be oxidized in an oxygen plasma to convert them
' to a highly resistant silicon dioxide on the surface. Thus once the

desired topography is generated, it can be made resistant to further
chemical attack.

The efficiency of solid-state electronics is limited by
the pattern resolution, that is by the distance between "lines"
imprinted as the resist material on a computer chip. Using poly-
silane photoresists, resolution has been achieved which is better
than the present state of the art.

. et 0t

A figure showing silicon chip topography generated using a
) polysilane photoresist is shown below. The line-to-line resolution
I in the photograph is 0.83 jam.

. e e, e

. & AR

E C. Photopolymerization of Vinyl Monomers

Fi A major finding during the period of this contract is that
;1 polysilane polymers are highly efficient catalysts for the ultra-
DN violet photopolymerization of vinyl monomers to polymers and

plastics. A typical application is in the polymerization of
acrylates and methacrylates:
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The limits of this discovery are still being investigated; styrene
is also rapidly polymerized by this means, and we believe it will
work with any monomer which will undergo free-radical polymeriza-
tion.

The catalysis seems to be general for all polysilane polymers,
regardless of their composition. The ultraviolet light can be in
the range from 250 to 350 nm, depending on the absorption maximum
for the polysilane. Because the polysilanes are strong absorbers
of ultraviolet radiation and highly efficient catalysts, very small
amounts are required in this process. Moreover, photocatalysis
using polysilanes produces polymers with higher molecular weights
than by other methods. This may lead to significant improvements
in the properties of the resulting polymers.

This discovery may be important to the Air Force as well as
to many other branches of industry. For example, photopolymerization
is used in making adhesives useful in airframe manufacture; in making
photoresists for the manufacture of printed circuits and computer
chips; and in coatings of optical fibers used in telecommunica-
tions.

D. New Developments

A series of polymers was synthesized containing 3-cyclo-
hexenylethyl groups:

R
Na '
SiMeClyg + RMeSiClg W —~€Si¥FtSidy
I
Me Me

These are the first polysilane polymers containing a func-
tional group (the carbon-carbon double bond) in the side chain.
Reaction of 3-5 with HCl or HBr in the presence of Lewis acid

N Y
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catalysts produced polymers containing halogen atoms in the side
chain. These also are the first such polymers to be made:

X

R R

| I
—SidéSidg HX y  —€SidFéSidp X = Br,Cl1 A
] | AlX3 or BXgj | | N
Me Me Me Me ' j

The bromine-containing polymers, because they contain a heavy
atom, may be superior photoresist materials for x-ray or elec-
tron-beam photolithography. These are advanced techniques for
computer-chip manufacture which are expected to become increas-
ingly important with further miniaturization.

RS ol SRR
‘.h . i ) ‘.v.
Py &

S 1 .
AR A \ Ve
TS T R U R
s v . AN
FRr I Pt 2

oAl g

A

,
A

A polygermanium polymer, and several mixed polysilane-
polygermanes, have also been synthesized:

L
PR

REREE Ve
R WPy LR e

n-BusGeClg —I¥%76—9 (n-BugGe)p

. 'F'P"u" . S

n R
n-BugGeClog Na | |
) —= 5 € Ge)gtSiJFy
RMeSiClg 110°C | |

n M

The germanium polymer and copolymers show the same photosensi-
tivity as the polysilanes, and slightly longer absorption wave-
lengths. Therefore they may also be useful as photoresist
materials for microlithography in the electronics industry.

. The scission of polysilane polymers under the influence of
!r ultraviolet light has been studied by isolating the products of
a photodegradation. From these results, a cascade mechanism of
photodegradation has been proposed, as shown below:




Ra Ra Ry Ry R,
1" v \ I
~**?—?P?h“~ ———  Sii 4 2~Sje
I
Ry Ry Ry Rz Rz
Ry R
. . N
/s:: + EtSiH— Et3S|-?|-H
Ry Ry
R R
-—-~s|i-+ EL 3SiH —— ---?i—H+ Et'sSie
Ry Ry Ry R,

L hy _ hy Lot L
?l H —Ef-sgﬁ_-r H-?l—?t—H + Ef3S|-?|—H
Ra Rz Ry Ra
Mechanistic hypothesis for the photodegradation of high
molecular weight polysilane derivatives.

The first experiments to investigate polysilane polymers by
silicon-29 NMR spectroscopy were carried out during 1984. It
seems likely that this information will be extremely important for
the understanding of the detailed structure of polysilane poly-
mers. These initial results are very promising, and this study
will be continued in 1985.

An important recent discovery was the UV thermochromism
of polysilane high polymers. As temperature is decreased, some
polysilanes undergo a gradual shift of their absorption band to
lower energy (longer wavelength). This behavior itself is sur-
prising. However, polysilane polymers with long-chain alkyl
groups on the silicon undergo a truly remarkable change as
temperature is decreased; the polysilane absorption band dis-
appears and is replaced by a new band at lower energy. The follow-
ing figure illustrates this for di-n -butylpolysilylene. This
unprecedented effect will be investigated more fully in the
future.
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UV spectrum of a 0.0055% solution of (g-Bu§Si)n in
hexane: (-+-), 72°C; (——), 18.5°C, (-¢¢- -18.5°C;
(- - =), -38°C; (»=+), -61°C.

Part III. Cyclic Polysilanes

The cyclic polysilanes, (RR'Si), where n = 4 to 35, have
been studied in our laboratories for nearly 20 years. It was
investigations of these cyclic molecules which led ultimately to
discovery of the soluble polysilane polymers, discussed in
Part II of this report. The cyclic molecules are of interest
because the electrons in the silicon-silicon bonds are highly
delocalized. That is, these electrons move freely from one

PR R PR SRR - -
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silicon atom to another--just as electrons do in elemental
) silicon in microelectronic devices such as computer chips.

Some of the best evidence for electron delocalization comes
from study of the anion-radicals of these cyclic silanes by
- electron spin resonance spectroscopy. The anion-radicals are
made by reducing the cyclosilanes either electrochemically or
with alkali metals, in solvents such as tetrahydrofuran (THF).
An example is the reduction of (MegSi)s to (MegSi)g™:

Me, Me,
Si_ . Si
’ SiMe, +e / fiMez
Me,Si | s>  Messil &
. THF, -80°C N
- SiMe ’ \~--~ SiMe
N éi" 2 Si— 2
A Me» Mej

Recently, we have determined the ESR spectra for a number
of new cyclosilane anion-radicals. From these spectra, the
hyperfine splitting constants (hfsc) for silicon-29 and carbon-13
have been evaluated; selected data are shown in the following

table.
f. ESR Parameters for Cyclosilane Anion-Radicals
. Sp'itting Constant, G :
Anion-Radical Color 29sji 13¢c 1y ‘1
- “
(MegSi)g blue - 21.0 0.67 gfé
(EtoSi)g blue 4.7 18.4 <0.14 o]
(i-PrgSi)y olive 3.8 18.6, ok
* 1a 4 <0.31 E,%
(MegSi)s blue 5.2 16.0 0.53
(EtgSi)s blue 4.4 14.1 <0.04
(n-PrySi)s blue 4.0 13.4 <0.18

- (MeSi)g yellow - 14.6 0.44

............................................................
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The aluminum chloride catalyzed rearrangement of permethyl—
polysilanes nas been investigated. Typically, ring contraction
reactions take place to give pranched, five-membered ring products,
whose nature is quite specific:

(MeZSi)6 —d Q‘

(Dots represent

(Me281)7 -~

(Me,8i)g 7 ./Q<

silicon atoms

in the products)

(Me281)9 -

The electronic properties of these products are under jnvesti~
gation.

X-ray crystal structure gtudies have been completed for the
two methylcyclosilanes, (MegSi)7 and (MeSi)16- The structures
are quite different from those found for the corresponding hydro-
carbons, (CHg)7 and (CHp)ie- A diagram of the unusual, folded
gtructure of (MegSi)16 1S shown below.
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9. ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS:

During the 44 months covered by this report, substantial
work was done to explore the chemistry of the disilenes, compounds

. with silicon-silicon double bonds. The first disilene was iso-

. lated shortly before this report period. Two new disilenes, l’and
' 2, were synthesized, and crystal structures for two of the

! compounds were determined. Rotational barriers for cis and trans

interconversion of disilenes were investigated; for 1,2-di-tert-
butyl-1,2-dimesityl disilene, 1. The barrier is ~30 Kcal/mole,

? providing a minimum value for the Si-Si pi bond energy.

(Me3Si)aN /N(SiMe3)2 e

: Si=—=Si Si=—Si !
1 / 2

Reaction of disilenes with oxygen led to the first cyclo-
disiloxanes (3). Intermediate oxidation products 4 and 5 were
also prepared. The crystal structure of compound 3 shows an

R R

0
. R R’ R' R
2 ~ ‘// AN ~N e | |
. /Si\\ Si\\ Si Si\\ R'—-Si———?i-—R'
: : / s \ : I
: R 0 R R // R 0 — O
= 0
|
', 3 4 5
. "~ ~ ~
s ‘:1J
! extremely short Si-Si bond length of ~231 pm; these compounds F 3
. therefore present a new and as yet unsolved problem in chemical ,:kﬂ
. bonding theory. gji
t The chemistry of polysilane high polymers was greatly f;ﬁ
i developed during the period covered by this report. These materials RN
; contain only silicon atoms in the polymer backbone; homopolymers _ 3
N (6) or copolymers (7) can be made: :@i&
35 2T
~ “}.'.:-.‘
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RR'SiCly

VIR SN,

<

S
- Sl SN

Na,toluene !
> +

110°C
Rl

8

R1R2SiCly Na,toluene _
+ 110°C
R3R4SiCl4

These polymers are of technological interest as 1. Precursors to
high-strength silicon carbide ceramics; 2. Photoresist materials
for the manufacture of improved microelectronic components, and
3. Photoinitiators for polymerization of vinyl monomers,

Many new polysilane polymers were synthesized during the
time of this report. The photoactivity and the mechanism of
photodegradation of the polymers, important in their use in the
manufacture of silicon microchips, was investigated. Molecular
mechanics calculations were used to study the conformations of
polysilane chains. Several new methods for crosslinking of poly-
silanes were developed; this is essential in the use of these
materials for making silicon carbide. The first polysilane with
functional groups in the organic side chains were synthesized.
Finally, the activity of the polysilanes as photoinitiators for
vinyl polymerization was discovered.

Cyclic polysilanes were also investigated. The synthesis

and chemical reactions of the diethyl and ethylmethylcyclosilanes,

(EtoSi), and (EtMeSi),, were studied, and the first organosilicon
rotanes, § and 9, were isolated. A comprehensive study of the

electron spin resonance spectra of cyclosilane anion-radicals led
to a new model for the bonding and electron distribution in these

molecules.
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