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ORGANOMETALLIC POLYMERS

Malcolm C. Henry and Wenzel E. Davidson
U. 8. Army Natick Laboratories, Natick, Mass.

As technological developments have continually placed more and more strin-

gent Tequirements upon materials, chemists increasingly have had to diversify
their interests and talents in order to find new types of chemical structures.
Present day considerations revolve around materials with multifunctionality, such
as fire retardance, radiation resistance, high or low temperature utility or toxico-
logical properties to only mention a few. Organometallic polymers contain in-
herently, properties different from the usual carbon compounds and definitely
offer the possibility of fulfilling at least some of the requirements needed for
polyfunctionally useful materials.

The field of organometallic polymers in general, should arouse the curiosity of
a variety of disciplines. To the synthetic chemist, organometallic polymers are a
challenge because of the unique reactions involved in organometallic chemistry.
To the polymer chemist the introduction of heteroatoms is one more parameter
for consideration. To the dpplied and developmental research chemists, organo-
metallic polymers are potentially useful materials with, as yet, undefined com-
binations of properties.

The interest, for the purposes of the subject under consideration, will treat
polymers containing the Group IVB elements, germanium, tin and lead. Polymers
containing silicon obviously must, these days, be treated as a separate subject and
indeed, as a result of the unique properties of the silicones consistently receives
its share of attention. The three lesser known members of Group 1VEB, by com-
parison, are ustally only mentioned in passing or are completely ignored.

As a further restriction, the work presented here will limit itself to polymers
that have been prepared from well characterized monomers. This means that
polymers resulting from hydrolyti¢ reactions or oxidative side reactions will not
be considered. :

The emphasis here is to consider recent progress in the synthesis of organo-
metallic polymers of germaniurn, tin and lead and to discuss the properties that
have been observed and by so doing to discuss the possibilities for future investi-
gations in this interesting area of chemistry. It is obvious that the chemisiry here
is basically organic since the polymeric structures being considered are the result
of taking advantage of the ability of carbon to build macromolecular structures
through carbon chains more or less irrespective of the effect of the metalloid
elements.

The initial problem in the preparation of polymers containing germanium, tin
and lead was to synthesize compounds containing functional groups capable of
participating in polymerization type reactions. As will be shown, many organo-
metallic compounds containing the necessary reactive groups have been prepared
in recent years. The second step in the evolution of preparing useful polymers was
the study of polymerization systerns that would allow satisfactory polymers
to be produced. These studies also, most recently, have shown many interesting
results. The third step, namely, the systematic characterization of these new
organometatlic polymers has not been developed to any satisfactory extent,
Measurements have normally been limited to molecular weight deteérminations.
Other physical properties have been by and large ignored even though it will be
these physical measurements that ultimately determine the usefulness of organo-
metallic polymers of the type being considered.
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Basically these organometallic polymers can be considered to be of two types,
cither the heteroelement or metalloid atom can be located in the backbone of the
polymer chain or Jocated in a group pendant to a carbon backbone chain. The
methods available for synthesizing the required organometallic monomers have
traditionally centered around Grignard, acid-base or alkali metal reactions.
Polymerizations have usually followed conventional type routes.

Grour IVB POLYMERS witH PENDANT HETEROELEMENT (GROUFP

For the present purposes it is not practical to consider structures containing
metalloid-hydrogen bonds nor to consider in any great detail repeating units of
metalloid atoms bonded one to the other. These structures are of a fower order of
stability than can be considered for the purposes of this paper. This limitation
makes it difficult to compare organometallic polymers with seemingly analagous
conventional carbon polymers and an awareness of this fundamental difference
must be made. Thus methyl acrylate, the methylester of acrylic acid, CH, =
CHCOOCH; might on first consideration seem to be analagous to trimethyl-
germyl acrylate, CH, = CHCOOGe{CHj3)};. The only safe analogy is to con-
sider these molecules to be of the type RCOOR’ where R = olefin and R a group
1VB element containing group. These types of molecules have perhaps received
the most attention and will be the first type of organometaltic Group 1VB polymers
to be considered.

Polyester-Group IVB Macromolecules

The commercially available polyacrylates and polymethacrylates are polymers
derived from g unsaturated esters. The resulting polymers are linear polymers
with pendant ester groups as itlustrated below:

CHp = G(CH3)C00R —— —CHpwC{CHg )~CHp=C(CH3 )~ClpmC(CH3)

COGR COCE COCR

A number of organometallic polyesters of this basic type have been prepared
where the R group contains the heteroelements under consideration.

Monomer synthesis. Two satisfactory general methods may be employed for
the synthesis of organometallic monomeis of the type —C = C —COOMR,.
The first method'-2 is the reaction of an -8 unsaturated ac1d salt with the IVth
Group halides in general, but germanium and tin in particular. The nature of this
reaction is illustrated by the following equation:

4-n RCH = CR’ COONz + R,"MX,,— (RCH = CR’ C00).,MR,” 4+ 4-n
NaX
where: n == 0-3
M = germanium, tin
R.R" = hydrogen, alkyl, aryl, alicyclic, aralkyl
R" = alkyl, aryl, alicyclic, aralkyl

The second method is based upon the reaction of IVth Group organometallic
oxides or hydroxides with olefin containing organic acids. This reaction has been
utilized only for tin and lead and has been particularly successful because of
both the ready availability and higher reactivity of the oxides or correspondmg
hydroxides of these two elements.2—12

(R3M),0 + RCH = CR"COOH —— 2R'CH = CR”COOMR3 -i- H20
R;MOH + R’CH = CR"COOH —— R'CH = CR"COOMR; 4 H,0
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where: M = tin, lead

R’R” = hydrogen, alkyl, aryl, alicyclic, araiykyl
R == alkyl, aryl, alicyclic, aralkyl

Disubstituted metal oxides, in comparison, react with olefin containing acids to
form the corresponding diesters® as follows:

(RoMO) + 2xR'COOH —— RoSn(Q0OCR'): + xH,0
where: M = tin, lead :

R = alkyl, aryl, alkaryl
R’ = olefinic radical (CH, = CH~) etc.

Organic compounds of the IVth Group, tetrasubstituted with aryl groups, alkoxy
or aryloxy groups, also react with olefinic acids, usually to form the correspond-
ing diester by acid cleavage of the substituent groups as follows:

RyM + 2R'COOH —— R;M(CGOCR’),
where: M = tin, lead

= phenyl, aryloxy or alkoxy
R’ = olefinic radical (CH, = CH -} etc.

Polyinerizations. Polymerizations of organometallic esters containing olefinic
linkages may be carried out using heat, free radical catalysts or with persulfate-
mercaptan initiafors, in bulk or by water emulsion techniques. This general
polymerization may be illustrated for the case of tributyltin methacrylate.

oxid
CHy = C(CHy) EEE2%222y {cnz-cl:(cﬂg)};l
Cousn(C,Hols 0005n(CyHg) 3

Polytrimethyltin methacrylate and polytriethyltin methacrylate are solid glasses
whereas polybutyltin methacrylate is a clear elastic gel. It is interesting to note
that, in a comparison study, triphenyltin methacrylate polymerizes faster than
triphenyllead methacrylate which in tum polymerizes more rapidly than methyl-
methacrylate.14

Polyorganotin acrylates and methacrylates having the structure,

CHy - C(B')
CO0SnEy

n

where R= a monovalent hydrocarbon radical, and R’ = hydrogen or 2 mono-
valent carbon radical have been prepared from their respective monomers and
polymerized using peroxide bulk polymerizations and emulsification polymeriza-
tions using potassium persulfate and laurylmercaptan as initiators.15-15:18 When
X = 3, chain type elastomers are obtained, where x = 2, nonelastomeric cross-
linked plastics result. Molecular weights are in the neighborhood of 162,000.
These polymers may be useful as films, foils, coatings and impregnating agents.
Russian!” and Australian workers!® have prepared similar types of - polymers.
In addition to organotin polyesters, organogermanium and organolead poly-

methacrylates and polyacrylates have been prepared.!-1%2? The lead polymers

have been suggested as being useful as shielding elements.
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Adrova® has prepared polytributyltin—4’-vinyi-4 biphenylcarboxylate and re-
ported it to be a colorless polymer, soluble in toluene and stable to 165°C.

CHp = G 4 (Cylg)4SnOH —= CHp = ?1-1 ——r[GHZ-CH]
< Qo O
< e

coon £00n(Cy g3 CO0Sn{Cligls

A final example of the polyester type polymer is illustrated by the synthesis of
polymerizable organolead and tin derivatives of the N-vinylamide of phthalic
acid and N-(p,o-carboxyphenyl) acrylyl-(methacrylyl) amides to give slightly
colored infusible powders insoluble in organic solvents.*

(OINHCH=CH, AIBN ___ o pojoner
{CgHs)3MOH + o
O0H
. HCOC(R)aCH.
{CgHs)gMOH 4 Q:oos{ 2 ————> FPolmer

Tris-(trialkylsiloxy)} tin methacrylate and bis-(trialkylsiloxy) tin dimethacrylate
monomers have been prepared by reacting tetrakis-trimethylsiloxytin with meth-
acrylic acid or tin tetramethacrylate as foflows: 2

[(c:1{3)33m‘],l Sn + CHyp=C{CH3)COOH —mmm Ecn3)351c_;| 3 Sn0OGC{CH3 )uCHy

[(CHB)BSm.]h Sn 4 [CHng(CH3)C00] L 50— 2[(033}3310] 5 5n Iéocc(ci%):cs{zj

2
A curious induction period was noted in the peroxide polymerization of these
monomers. In petroleum ether, at 65°C., a 2-12 hour induction period was
reported. The polymerization, at the end of the induction period, set in rapidly
and the products dropped out of solution in a matter of a few minutes. Strain-
temperature studies in the range of 50-500°C. did not show any flow propertlcs
and the polymers were probably highly crosslinked.

Organometallic Styrene Derivatives

A second type of organometallic polymers, in which the metal atoms are
pendant to the main chain, are the substituted styrene type. These polymers have
a linear structure analagous to polystyrene.

Monomer synthesis. The first organometallic derivative of styrene was pre-
pared in 1951 by Bachman® who prepared p-triethyltin o-methyl styrene, Fi,
SnCeH,C(CH;) = CH,. This monomer was prepared by Korshak?®2 by the
reaction of triethyllead chloride and the Grignard reagent derived from p-bromo-
a-methylstyrene as follows:

EtBSI!Cl + 5!'&3 @ C(CHB) = CHZ L EtaSﬂ@C(CHB} = GH2
+ Mg BrCl
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A variety of workers?”# have prepared p-styrenyl and g-methyl-p-styrenyl-
substituted derivatives of germanium, tin and lead using the appropriate or-
ganometallic halide and Grignard reagent as follows:

Rprin $ np-C}.Hg CHuCHy = Rh_@mcﬁz)n + Mgxel

where: n = 1,.2 or4
R = alkyl, aryl

Polymer synthesis. Polymerizations of metallostyrenes may be accomplished
using ultraviolet light or 2,2’azo-bis-isobutyrenitrile. In the case of p-trimethyl—
and p-triethyl tin styrenes, polymerizations have been carried out at a tempera-
ture of 80° at pressures of 1-6000 atmosphere and for a period of 610 hours.?82
Other monomer systems that have been polymerized include p-tricyclohexyltin-
styrene and 4-triphenyltin-4" vinyl biphenyl.??

Organometallic styrene derivatives of the homologous series p-(CHj)sMIVCy
H,CH = CH; display surprising differences in rate of polymerizations, in the
order Pb>>8i>>C>>Ge > Sn. It would appear that in the case of lead some homo-
lytic cleavage of the lead-carbon bond occurred and a crosslinked polymer re-
sulted. The polymers containing silicon, germanium and tin have softening points
in the range of 170-180°. Films could be prepared from these polymers, the
brittleness of which decreased in the order Sn>>Ge>Si

Organometallic Vinyl Monomers and Polymers

Allyl derivatives of tin and lead and vinyl derivatives of tin do not poly-
merize under conditions of radical polymerization and indeed actualiy inhibit the
polymerization of styrene, methylmethacrylate and other vinyl monomers. This
inhibitory effect increases with the number of vinyl and ally] groups in the organo-
metallic compound. The relative inhibitory effects are as follows: tetraallytiny
tetravinyltin > allytrimethyltin > diallyldiphenyltin > allyltriphenyltin > vinyl-
triphenyltin > vinyltrimethyltin, 3438
Ziegler type catalysts of the vinyl type, i.e., obtained from compounds of the
transition elements of groups IV-VI with organometallic compounds of group
I-IT1, are able to catalyze the polymerization of IVB organornetallic vinyl deriva-
tives and, in general, monomers of the type RsM(CH,),CH=CH; as follows:

RsM(CH,),CH=CH, ——> [—CH2 - Cng ]n
: ' {CH;).MR;
where M = Si, Ge, Sn and Pb
x=04 _
R = hydrogen, alkyl, cyclohexyl

These polymers are highly crystalline, stereospecific and have isotactic struc-
tures.®” '

PorvymEeERs WiITH IVTH GROUP ELEMENTS IN THE CHAIN

From the purists point of view this class of polymers contains perhaps the
best examples of true organometallic polymers. This type of linear polymer
contains a carbon-carbon backbone regularly interspersed with IVth main group
metal atoms. This type of polymer has been prepared most successfully by the
orgapometallic hydride addition reaction to olefinic double or triple bonds.
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Organometallic Hydride Reactions

Although the IVth Group organometallic hydride addition reaction with ofe-
finic bonds has been shown to occur under suitable conditions for silicon, ger-
manium, tin and lead, the only element (other than silicon) to have been used
for these types of polyadditions has been the .organotin dihydrides. Organolead
dihydrides are thermally too unstable for exiensive use of this reaction. Organo-
germanium dihydrides, which are surprisingly stable, have not been reporfed to
undergo poly-addition reactions. Organotin dihydrides are more reactive .and
Iend themselves to a study of poly-additions much more readily than do the
organogermanes.

Noltes and Van der Kerk®*? have synthesized heteropolymers containing
germanium tin, and lead in the main polymer chain as follows:

© PhySay + PhyM(CeHyCH= (4, -——‘—%:Sn(?% (nzculQM{ Nk, ¢y

Whee M Ge, Sn Po

PhySinll, ¢ CHyw CH(R)CH==(Hy —= S (Ph) ) CH,CH, (RICH, CH,

~n
where B = ‘<=\>_ r_‘(-{;HL-); ) _(CHE);- ) Q/\}‘

The products obtained in these cases were glasses, soluble in organic solvents.
The polymers had poor mechanical properties, i.c., the films and fibers formed
were brittle. A variety of types of polymers were obtained using these polyaddi-
tion reactions, The final products range from viscous liquids to elastomeric mate-
rials to hard plasses, '

Similar type poly-additions have been carried cut by the same workers*? using
diacetylenic compounds as follows:

R SnH, v HL={{R]l=H — _{n(R]th:cﬁ(E)(H:cH}—
n

wcitere Ros -(t“{_;; .-({Hz}; , &
The products obtained ranged from viscous liquids to elastomers with reported
molecular weights of up to 100,000, _

In attempting to form germiranes, Volpin®® noted considerable polymer forma-
tion during the reaction of germanium iedide with acetylene. Molecular weight
determinations of these polymers gave values of 33,000, This unique polymer
may have the structure represented below:

—F(’;e[f’\)l(h cn}-
- n
where: R = CHj, — CgHj;

Leavitt*' and Adrova*® have also reperted studies involving organotin di-
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hydrides with acetylenic compounds, however, only low molecutar weight poly-
mers were obtained which in the presence of air decomposed to organotin oxides.

Dibutyltin dihydride and diphenyltin dihydride have also been reported to
form polymers by a polyaddition reaction to ethyleneglycol and hydrogquinone
dimethacrylates which have repeating acryl organic residue units.?® Reported
molecular weights range from 1300-5800 (3-13 repeating units).

The reaction of dicarboxylic acids with IVth group organometallic dihalides
oxides or diacid salts as illustrated for the case of tin presents a method for pre-
paring linear polyester type polymers as follows: %7

RgSnX, + HOOC(R)YCOOH[OOC(R)COOSR(R )1
where X = 0,CL,CH3COQO—and R= alkyl, aryl

Lower alkyl substituted tin compounds yield polymers that are readily soluble
with decreasing solubility as higher atkyl substituents are used. Aromatic sub--
stituents yield polymers that are practically insofuble. The incorporation of
methoxy or hydroxy groups in the alpha position to the carboxy groups considera-
bly lowers the solubility of the polymers in organic solvents.

Herterofunctional Polycondensation

The co-condensation of dibutylﬁn dibutoxide and dibutyltin diacetate has been
reported by Zhubukhin®® to yield low molecular weight polymers containing a
linear chain of tin atoms.

n_(CQHQO) 2 Sn (C4H9) 2 + (CH3C00)2 SH(C4H9)2 —> n—1 C4H9 00CCH3 +
CH3COO{Sn(C4Hy)2]2,.0C4Hy

The melt reaction was carried under vacuum conditions for a period of 16-18
hours and the product, mol. wt. 4200, had a melting point of 96—100°C. and was
soluble in benzene. The melt could be drawn info fibers and showed good glass
adhesive properties.

Organogermanium polymers containing ten germanium atoms in a row have
been reported recently?® from the reaction of germanium di-iodide and phenyl-
lithivm as follows:

Gely + 2PhLi —— (PhGe),

The product was a red brown amorphous polymer which inflammed in the pres-
ence of nitric acid.
Polymers of this general type do not appear to be sufficiently stable to be con-
sidered as potentially useful.

The reaction of oxidibenzylmercaptan and 1,5 pentanedithiol with diphenyl-
germanium halides form the following type polymers.??

f‘H" CGH{

‘e‘s CHy < _\> o </_\>(“15 %’ﬁ S (c"z)s >

C‘HE f (‘Ha- "
Colorless plastic soluble in benzene, Colorless viscous liquid slightly sol-
toluene and chioroform uble in benzene, toluene and chloro-

form
Lower molecular weight dithiols result in ring formation.
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Polymeric dimethyltin peroxide may be prepared from the reaction of dime-
thyltin dichloride with hydrogen peroxide.®! Two polymeric species have been
identified thus far as follows:

' GCH {Hy
AT L
Q¢ Ciisn-GC CHy LRY {;.ﬁ, |Sn4b-0| A
cH TeHy | |8y }
oL ! y

Organometallic Polymers Containing Mixed Group IVB Elements
in the Polymer Chain

Organometallic polymers of the general type, have been prepared and described
in an Ethyl Corporation patent’? and by Russian workers.?

[ AL ?d.
(ML), — (M),
R T

M and M’ are dissimilar metals of Groups III, IV, V, VI, and VIL One of
which can form a polyhydroxide which releases a proton in the presence of
strong base. L. and L’ represent oxygen, sulfur, carbon or = NR. Products range
from oils to intractable solids and have, reportedly, good thermal stability, good
dielectric properties, inert and may have uses in hydraulic fluids having low
volatility and wide liquid temperature range.

. ORGANOMETALLIC COPOLYMERS

Thus far only polymers types have been considered which have been derived
from a single monomer or homopolymer. A second type of polymer, the copoly-
mer, has also been receiving increasing attention in recent years,

Copolymers are polymers derived from two different monomers, polymerized
to form repeating units in the polymer chain consistent with the two reacting
monomers. Terpolymers, although not studied in the organometallic series, are
polymers made up of three different monomers copolymerized together. As poly-
mer chemistry becomes more advanced, organometallic terpolymer systems will
undoubtedly be forthcoming.

Ovrganometallic Esters

A variety of types of copolymers have been prepared, however the majority
of the work has been concentrated on the copolymerization of ¢, S-unsaturated
organometallic acid esters, RCH=CHR'COO,MR,_,, with activated vinyl or
vinylidine group containing monomers. Thus, vinyl ethers, vinyl ketones, vinyl
esters, styrenes, acrylates, methacrylates, acrylonitrile and even cyclopentadiene
have been copolymerized using standard techniques and catalysts.1:5:12:15,16,23,54,56

The potential uses of these copolymers have only been suggested for one or
two cases. The copolymer of vinyl chloride and tributyltin methacrylate has been
reported to have good heat and light resistance and thus can be used in tubing
applications.’” The basic properties of the copolymers are widely different from
the analagous homopolymer, however, only little work has been done as regards
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physical measurements of these copolymers. In recent years more interest has
been shown in the physical properties other than melting points and molecuiar
weights. Triethyltin methacrylate-methylmethacrylate copolymer has been stud-
led by Shostakovskii'? and the properties of this copolymer are listed in TABLE 1.

TABLE 1
Triethyltin Methacrylate—Methyl Methacrylate Copolymer

Impact Strength {Dinstat Method) 8.33 kg/cmse

Hardness Test (Brinnel}—25 kg load 26.5 kg/mm?
Specific Surface Resistance 1.4 » 10-1% ohms
Specific Volume Resistance 3.0 x 1075 ohm-cm
Av. Disruptive Voltage 13.5 kv/mm
Dielectric loss—tan S at 10¢ hertz 0.027°

at 50 hertz 0.037°
Dielectric penetrability at 105 hertz 4.3

at 50 hertz 5.0

Hydrolytically stable 13 mo.

Diphenyllead dimethacrylate and methacryiic acid were copolymerized by
Kochkin®!% using peroxide catalysts or AIBN catalyst to yield a copolymer de-
scribed as being a mechanical strong, slightly turbid solid decomposing at 180°C.
This copolymer had a specific impact strength of 18-19 kg/cm.? and was de-
formed appréciably at 180-190° and was reported to be effective at stopping
X-rays.

Copolymerization of a-8 olefinically unsaturated carboxylic monomers or
anhydrides with 0.0005-6.0 per cent of an organometallic monomer, R,MY s,
where M = 8i, Ge, Sn, Pb; R = hydrocarbon and Y = terminally substituted
olefin, yields copolymers with excellent thixotropic properties able to thicken
water in conc. of 0.25 per cent in the presence of large amounts of dissolved ionic
salts and maintain constant viscosity over long periods of time. These products
were described by Jones®* to be greatly superior to naturally occurring water
swellable gums such as gum tragacanth which are normally used as thickening
or suspending agents. These properties make these copolymers potentially useful
for pastes, polishes, cleaning agents, dentifrices, jellies, creams or ointments.

Other copolymerizations have been carried out in the hydrocarbon series be-
tween p-triethyltin -a- methylstrene and butadiene®*#9 to yield a crumbly
rubber and- between triethyl vinyllead and styrene to yield a product useful for
radiation shielding. E

CONCLUSION

The variety of types of organometallic polymers of germanium, tin and Iead,
without even considering silicon, has indicated that considerable synthetic effort
has now opened up the field of organometallic' polymers as a potentially useful
field of endeavor. The question that now arises s to.what next must be invesfi-
gated. .

It is apparent that more emphasis should be placed upon the characterization
of the polymers themselves. Too often, once the polymer has been formed,
physical characterization has been neglected. _

Secondly, the reactivity of the metal-carbon bond has not been fully utilized
in these polymeric systems. As an example of this cleavage of metal-carbon bonds
could be utilized as crosslinking sites in a manner not possible with carbon type

Henry & Davidson: Organometallic Polymers 181

polymers. Another possibility that arises is in utilizing the coordinating ability
of especially tin and lead either for mixed covalent-coordination polymers or as
crosslinking sites.

These are only a few of the possibilities which have yet to be investigated,
others will become apparent as time goes on.

In conclusion then, it should be obvious that the possibilities for developing
useful organometallic polymers are as yet virtually unexplored, however, the
future looks bright based upon the limited work done in this field. It should be
mentioned that several excellent current reviews are available for initial perusal
which cover the major portion of Group IVB chemistry in general 60-7
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