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Inorganic Polymers of the Main-Group Elements
by
Christopher W. Allen
Department of Cheristry
University of Vermont
Burlington, Vermont 05405

Presented at the NEACT Summer Conference, University of
Massachusetts, Amherst Massachusetts, August 1987.

While to most chemists polymers belong to the domain of
organic chemistry, there are interesting and useful polymers
which are best considered as inorganic or hybrid inorganic-
organic systerms. The purpose of this article is to acguaint you
with some of these mater.als which are attracting commercial and
academic interest. The focus will be primarily on synthetic
linear polymers involving main-group elements, specifically
poly(siloxanes), (R281i0)yp, poly(phosphazenes), (RoPN)y,
poly(organosilanes), (RySi)y, and pely(sulfur-nitride), (SN)p.
It is important to recognize that even this selection represents
a small subset of a larger group of synthetic and naturally
occurring materials which include 1linear oxyanions (e.c.
ilicates, phecsphates and borates), two dimensional solids (e.c.
sheet silicates) and network solids (e.g. silicon carbide,

ilicon nitride, boron nitride).

Synthesis
The best known and most commercially imporiant system under
ciscussiorn is the poly(siloxanes) which are more familarily knovn

as silicones. The synthesis of these materials starts with the

rochow process In which methyl chloride is passed over silice
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which is dopped with ceopper. The resulting

dichlorodimethylsilane, Me;SiCl,, is hydrolyzed to yield

(Me5Sio0),. The cyclic siloxane undergoes ring opening

polymerization with acid or base catalysis to give the

poly(siloxanes). The pattern of formation of a cyclic material

Me,Si~0O~SiMes
° 9 o2 | Me,Si0(SiMe,0),SiMe,02
l
M82Si‘0°SiM92 OH

(Me,5i0) 4
(SiMej) 50
Me3SiO(SiMey0)p,pSiMe; $————  Me,SiO(Siliey0)Sike,0°
o
followed by ring-opening polymerization is repeated in the
classic poly(phosphazene) synthesis. The ammolysis of PClg leads
to a range of cyclophesphazenes, with the six-membered ring
predominating. Thermal polymerization of this material is
believed to proceed through initial heterolytic phosphorus-
chlorine bond cleavage. The resulting phesphonium ion initiates

ring opering polymerization.
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The ammonlysis of SCl, gives the cage species S;N, which, when

n
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ce r

pPassed over silver wocl, gives S,N;. 2 novel solid st
oper.ing polymerization cf S,X; provides the linear polymer,

(SN)pn. The ring-~chain cordination is also observed in the
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In all of the synthetic chemistry described above there is a
balance between ring and linear chain formation. At each step,
the growing chain can either add another monomer unit or undergo
cyclization. The tendenacy towards cyclization will Dbe
particularily noteworthy when the growing chain has functionality
at each end. Some of the factors involved in these processes can
be understood in terms of simple thermodynaric arguments. Both
entropy and enthalpy terms can be significant so we will consider
each in turn. Cyclizetion will be an entropy favored process. A
specific example to illustrate this point is shown below wherein
a linear siloxane cyclizes by elimination of water thereby

HO-(MepS;0)4-H ——> (Me5Si0), + H50
increasing the number of molecules in the system (and hence the

otal disorder). The enthalpy term is more complex in that both
skeletal and side group effects are important. The major
skeletal effect is ring strain. The stable cyclic species formed
is usually the one with minimum ring strain. In the cese of
linear siloxanes, the silicon-oxygen-silicon bond ancle is larger

than <the corresponding carbon analog, so larcer rings, e.g.

"

>
o (MeySi0),, are favored. Ring strain is relieved by ring opening
-'.L‘
- to the linear species. The contributions of the side groups to
®
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the enthalpy term are also important. If one considers the
changes in the endo -(8) and exocyclic (&) bond angles in the
ring opening polymerization, we see a decrease in & with an
increase in £. This observation correlates nicely with the fact
that large exocyclic groups which force a large o value inhibit

polymerization and favor depolymerizatron to cyclic species.

High and lLow Temperature Behavior

tability under extreme conditions has traditionally been an
important property of inorganic polymer systems. s far back as
1941 Rochow stated (in a patent eapplication): "high heat
stability would call for a polymer having a minimum of organic
content". Stability, however, is an ubiguitous term and one must
be more precise as to what factors are of importance. In a
thermodynamic approach, there are two major points to consider.
The bond enthalpy of +the backbone chain atoms can be a
significant consideration, e.g. the carbon-carbon and silicon-
oxygen bond enthalpies are 347 and 444kJ/mole respectively thus
bond enthalpy rmakes a mejor contribution to the thermal stakility

of the poly(siloxanes). The poly(phocsphazenes), several cf which

)
’J-

rival the poly(siloxane n hicgh temperature stakiliiy, have a

)
backbone bond enthalpy of z21s8kJ/mole so clearly other important
contributions to polymer s<tability must be explorei. The other

rajor thermodynaric consideration is what degradazicn pathways

are energetically available for a given class cf polyvmers. The

oxication of a carbon-carbon bcond to ketones, fcr exampie, is

very exothermic (approximately Z2E81l/kI/mcle), +thus leading o
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oxidative instability. These particular pathways are not
available for poly(siloxanes) and poly(phosphazenes) in which the
heteroatones are already in their highest oxidation state, hence
they exhibit improved cxidative stability.

Another important factor is kinetic stability. Ironically,
many of the common backbone units used in non-metal inorganic
polymers are susceptible to hydrolysis reactions. Since
pentacoordinated derivatives of second row elements (e.g. Si,P)
are well known, s+table materials, the low activation energies
which are noted for formation of pentacoordinated intermediates

in hydrolysis reactions are understandable. This fundamental

OF
1 - N |
—E—+08 —> |~E—f —> TE—
|
1

E=gi,p
problem 1is overcome by building up sufficient steric crowding
about the backbone from the organic groups on the side chain to
render +the second row tom inaccessible to the degradative
reagents. rs an example of the effectiveness of this aprroach,
pecly (phosphazenes) with alkoxy or arviexy sicde cheains,

. KP(OR)5]pn, <can be stored for lon periods ¢f time in

«Q1

concentrated acid or base without noticeazble degradation. Tris
1s in contrast to *the parent polymer, (KPClso)y, which undergoes
facile hydrolysis from atomspheric moisture.

Turning our z<ttention to the cther thermal extireme, main-group
incrcanic pclymers cften exhibit supericr Zflexibility at low

Tenmperatures. The <fundamenctal parameter used <+tc measure +this
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33& effect is the glass transition temperature, Tg, which is simply
:;ﬁ the temperature at which a material passes from a brittle (glass)
g;‘ state to a flexible (plastic) form. ¢t the molecular level, the
:;i flexibility of polymer chains is due to torsional mobility, i.e.,
;;; rotation about the backbone bonds. The torsional mobility, in
&' turn, depends on the inherent rotational barrier about the
o backbone bond and the interaction between side groups. The
ﬁg rotational barriers about the silicon-oxygen and phosphorus-
( | nitrogen bonds are exceptionally 1low and therefore
EEE poly(silcxanes) and poly(phosphazenes) often retain flexibility
ng at low temperatures. This property when combined with the
"

aforementioned high temperature stability makes these polymers

the high-tech materials of choice for items such as o-rings,

g gaskets, fuel-lines etc., which must operate at either
!_N temperature extreme or over a broad temperature range. The
J‘.JJ
o - . . . .
1N effect of sicde groups on Tg is dramatically demonstrated in the
‘-ﬂ
N pcly {ghcsphazene) seriesz shown below:
‘-x..l
"_: h] >~ ~ = 4 - -~ - - LY s - .= LR -
e Polymer (-‘2-}-,:-) ¢ O)2PNin L(PhO)zpl\_ln MesN) PNy [ (PANE)s2PNIp
A
N [ag ~ 3 ~ - =
T Tg(%C) | -ss -84 € -4 ic5
Nt
"
L
-
L
{5 One can see the effect cf increasing the steric crowding (hence
Y
. - 5 S ~ - = 3 4 - - .
[ filnderance cI rotation) on Tg by comparing the ethoxy and phenoxy
A Cerivatives. The cramatic effect cf side-chain hyérogen bondiing
¢\J-
- _h- .
oo is seen in the anilino derivative.
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Reactivity and Property Design
Reactions of polymers are often carried out in order to effect

specific property changes. Even though the reactions under

consideration are actually polymerization processes, the first

on in Dbackbone

focus changes

case of rproperty design will

The thermal degradation of poly(~:iloxanes) citen

involves reversion to cyclosiloxanes. If one could Incorporate a

rigid function, such as a phenyl group, into the backbone, the

tendency to form cyclic materials would be suppressed. The

reaction sequence leading to these poly(silarylene siloxane)s,

which indeed do show increased thermal stability, is shown below.

(-—\ R of
B o 2 - s ~Y . -
- — —<. F. 81 ——— o Ci P LeCa e
/) ‘2 ‘—.2 ” —i .——--:-“ S‘P:VI Y]
«-3‘:20 _}. _
- -
BO- 8iF2C0 &=
l i & ’_
N7 — - x
o———
[1gss BmSinLD =
A= VSITIO) (SR ATELELD 1
Pt Ls—--zolx '2 < yi
—

Going on to actual reactions of polymers, the chermistry of the

presents a case o0f side

Du

1]
ot
(¢}

precurscr.

-

ttle more than a laboratery curiosity. However, nucleophilic

itution reactions 1leading *to replacement cf <the chlorine

atoms with alkexy, arvlexy and amino functions lead to polyners,

a

{L

ome ¢f which are commercial products, with high stabkility an

7]

rance cf Tg values (see above).
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RONa ——> [NP(OR) 2] p

(NPCly)p —RNH> > (NP(NHR) 5 1p,

RyNH —>[NP(NRp)21p

n 15,000

The reactions of poly(phosphazenes) are not limited to
displacement at phosphorus. Numerous exanples now exist of two
step processes in which a complex organic functionality is first
attached by reactions of the type shown above. Further reactions
are carried out on the side group moiety in order to introduce
catalytically or biomedically active units thus using the
pcly (phosphazene) as a support for these particular processes.
While the reactions describeéd above involve a certain amount
of synthetic strategy and subtlity, the remain types of reactions
are degradative in nature, often under forcing conditions. The
first example of this type cf process is the photodegradaticn cof
pcly(orcancsilanes). The combination ¢f the weak silicon-silicen
tcnd and Its azilizy to act as a chromcphore (see below) leads o
a rich photochemistry cf these pcliymers. The detezils o©f <he

photodegradation are not fully understood, however both silyl

radicals and silylenes (silicon analogs c¢f carbenes) are

Czserved.
av
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The Zacile rphctodegradaticon c¢f poly(crgancsilanes) has lead 4o
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protection of surfaces exposed to oxygen plasma etching. In even

JQCDQ

more dramatic degradative chemistry, poly(organosilanes) upon

.. -
” L]
> . . .
Lo thermolysis rearrange to poly(carbosilanes) which upon further
( pyrclysis are converted %o silicon carbide. The use o0f the
Y]
o
S polymeric precursor allows for shapes or fibers of the ceramic
o
~I
o
| E
¥ 2500 | i. air, Z5¢C°
NS (J“-:;)n -—-—————}(Si-::—:.,)r —_— sil
[~ | o2, Ny, 1500°
B rad
‘-: C:'3
. (SiC) to be premolded (or spun) from the linear polymer. Similar
=
S pyrelytic routes have been developed for +the conversion of
1 . ca . . . N .
,3 polv(silazanes) to silicon-nitride and considerable interest
i €)1sts 1n expanding this approach to other ceramic materials.
A .
s Electronic Structure
‘!
o Elthough <there are many interesting and significant problems
- concerning the electronic structure of main-group inorganic
}: polymers, <the focus o©of +his section will Dbe cn delocalized
! ; . .
[~/ electron syvstems. Poly(sulfurnitride), (SN),, 1is a bronze,
)
— metalllc conducter which becomes superconducting at 0.2%K.  The
32 metalllic naturs of this non-metal polimer Is undsrstandable if
B
K cne stars Zy considering tThe electrenic stTructure o©f  the
®
- moncner, SN. Thls specles has fifteen valence elecirons so, like
- vhe lsoce’ectrconic NO molecule, 1t has an unpaired electron. When
" “hese urnits Irm a pelymeric chain, the orbitals containing the
| J
.. unpalrel electron comiine to form e partially f£illed conduction
o sond {(l.e., 2 m.c. delocalized along the entire chain) in a
- .. Tanner arzlcgIus to that cf a metel (e.g. Na) wizth an unpaired
]
\'t
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‘:ﬁ electron, thereby giving raise to metallic properties.

-

hiz The poly(organosilanes) present an even more interesting case
:§§ in that they show s*trong electronic absorbtion bands in the UV

e W
b

region (300-400 nm). The UV maxima shift to lower enercy with

a“a

-

increasing chain length thus exhibiting behavior which is typical

A
)
N . . o . .
Lo of a delocalized s,ystem. This delocalizatlion ©f 0 electrons 1is
vy . . . . . . .
o, believed <o occur via a hyperconjugative mechanism in which
>
N . s L . :
1N acjacent ¢ silicon-silicon orbitals overlap. The resulting
Fa
‘-P\‘u.
."\.
,.
[ \ /
s si, >
'-'_\- -
W N N g - /.-./ Neo i -Si
ASAR S5 5—3 S-17vT v v 2 3
N/

N\ 0

AAL
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D A R
b Nt
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3
LY

- molecular orbital energy 1level diagram for a simplified three

.8
3

Y silicon atom fragment shows how the ground state energy is
R . . . :

S ralsed. Similar excited state effects are operatlive. Awvareness
o

" ©f +these scrts o©of interactions allow for a cualitative
) . . .

b 5. uncerstanding ¢ Dboth +the elec<tronlic spectroscepy and
U A

e choteclability ¢f these svstens.
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v The purposs cf this shor:t survey hes been to intrcduce sonme ¢l
®

jﬁ pebol mere Impcrtant Issues invelving  synthesls, sTrucTture,
».-

S soniing, energetics and applications oI this c¢rowing earez cf
Ve

s ~y e S o - 2 3 3 e -

A chermistry. The interested reader rmay wish to consult some of the
®

. mencgrapghs and reviews listed in the bibliography Icr Iurther
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