
Snr 1985/ 4

S o n d e r d r u c k  a u s  " G l a s s  . . .  C u r r e n t  I s s u e s , '
v o n  A . F .  I d r i g h t  u n d  J .  D u p u y  ( H r s g . l  ,
I ' t a r t  i nus  N i  j  ho f  f  Pub r  i  she rs  ,  Do rd  rec ln t  /  Bos ton /Lancas te : r  ,
1 9 8 5 ,  S € i t e n  5 8 0 - 5 9 1



580

rl{oRGANrc/oRGANrc POLnIERS FoR c'oilrrAcr LENSES nlr THE sorrff_,
PRffiS

H. SGII{IüI and c. pHILrpp

Fraunlrofer-Institut ftir Silicatforschurg, Neunerplatz 2 | D-g700
I^li.irzburg, F. R. G.

ABSTRASI

The use of organoalko4ysilanes as netrrork forrning naterials
allcns the intr-oduction of organic arrqrps into an inoiganic rret-
uork bry the soljer process. fl'ris possibility, in adrrifu_on to the
inorganic netr,ork nodification, opens a wide r,rariability of rmte--
rial sYnthesis. Facirg the desire for high perfornence materials
for ontact lenses, an attarpt is rnade to neet the reguirsrents
of contact lerrs rmte.rials, as o)q/gen perneabiriry ana'r"etting.
The paper shcr*s the basic principles \^frich can be carried cn:[ in
order to taylor rmterial for specific properties.

INIROü,CTICbI

In the field of naterial develcprent an increasirrg danand
for rnaterials with special properties is otrricus. Consiaerhg tf,e
Prc'Perties of-different tlpes of naterials like ceramics, t=L1",
or organic polyners, one started \rery early to üürlk abo,.lt the
ccrrbhation of rlillerent prcperties in order to get rnate.rials for.
speciaf applications Lthdch r:nify the desired difierent prcperties
jn one rnaterial. This f.d P the concepLion of orposiGs.'D<anp-
1": of ccrrposites ndght be lanilates (fig.la) wfric-h are success-
fully used e.g. for wirdshields of cars, for skisr or to create
pr^otectitue surfaces; oürer exanples are filled organic polyners
(fig.lb) , as tlrey are used for tires of cars. Frun t}.�is pol-11t or
'u-ierv a cerarnic rnaterial with a crystalrine plnse and a glassy
phase as binder nny be onsidered as a ccrrposite rnateriäf , täo;
as a last o<anple fi-bre reirrforced rmterials rnay be cited
(fig.lc) . Tl-r-is type of ccnposite is used e.g. w-ith orgnnic poly-
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rers or irnrganic rmterials liJ<e concretes. These ocanples repre-
sent ccrposites töere t]te qrbination of twc rnaterials^ is p";:- 

-

Fig-la-c. Principle possibit it ies of ccnposites.
(a) lami,ates; (b) filled organic polyners;
(c) fibre reinforced rnaterial

forned on a nEcroscopic scale. rn order to process such nraterials,
with a f*r exception, €rbination techniguei have to be developed
(ndxjrg, sealing etc. ) . In the nost cases th-is rreeds a rrrrre-ster>

procressi-ng.

Frun ür,is the guestion arises, if the principre of ccnposi-
tes rmy be extended to üre micrcscopic scare. rn the fierd öf
material developrent one aörantage nrlgtrt Ue (if zuch rnaterial are
produced by the rrles of chernistry) to apply an one-step process-
ing. Another guestion is uhich technical-neans nay be used in
order to perform this.

- A _sirrple way ould be to crcrnirile ccnponents on a nolecular
scale frcm wfrich it is knom ürat they caüse d-ifferent rnaterial
prctperties. D,canples ndght be conponents r+trich lead to non-netal-
Iic ilorganic netrrrcrks on the one hand and organic substituents
or organig polyners on Üre otlrer hand; organi- radicals might be
{tnf ional grorps or polynerizable ccrrponents. In order to get a
desirable ccnbination of tlrese rnaterials, it sesrs to be necess-

3r/- to develop a nethod where these tuo tlpes of crnponents rnay
be ti-nked togetler by r^elldefined chenrical bonds like crcnralent
ones. There might be considered tr^rc Aeneral possibilities. One is
to build up an organic bacidmne and to tink ilorganic c,'onponents
to this backbone; this principle is realized i-n sonE organic po-
ly,rrers, so-called ioncrrers, as they are sho*n in f tg.Z
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Fi-9.2. Schene of an organic ioncrrer
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Fig.3. Scl.len'e of a sil icrcne polyner

The. -second possihility is to buird up an inorganic (netal oxide)backbone 'nf i ich is part iarry real ized i '  s i r iones ( f ig.3.) .

silicrcnes normal-ly are produced by hydr.olsis and crcndensa-
tion of tlre proper chlörosilänes. rn piinäipr" trre-lreparation ofth]t type of rnaterial is possiJrle, d, by the neans of the sol_gel process i.e- by the ule of alkoq,zril"r,u=. Ttre advantage of
this route is that the steps of hydrätysis and crondensation are
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easier to be c\cntrolled because of the lcr,er rea_ctivity of üre
arko><ysilanes ccnpared to the chlorosilanes [t-t] . Thre solgel
proc€ss rrDreover enables the introduction of different other ccrTF
pounds like netr.vork forming elenents into the rnaterial as it is
descrjbed by Gr-rlledge, Andrianov, and tl,oll t4-6]. An additional
principle of nodification is the use of organoalkorqgsilanes,
utrere the Si{ bond can be used to introduce organofunctional
grrouPs t^ftich rnay have special chsnical properties or ufiich can
carry polynerizable ligands L7-1U according to eguation (1) .

T1/
l ' te^ '  (oR)4 + s i  (oR)4 + (Ro)msi  ( - ,=: )n_* + (Ro)nsi  (R 'y)4_n

I
o
I
si {
I

\

t l
o o
I n r l

-o-1.4e"-o -si-o -
l l
o o
l l

m  -  3 ;  n  =  2

= rretal  e.g.  Ti ,  Zr
= allq/I, aryl
= al lqf len, arylen
= polynerizable double bond
= orgarpfunctional group e. g. -NH2 , -.GlO

Thr.is concreption leads to a very flexible systan of rnaterial deve-
lopnent. It was of high interest to find out, if this conception
may be aduantagecusly used in order to prepare special rnaterials
for contact lenses.

2 OlCPftChI OF I\ATERTAL DEVETOPMNVT

2. I Requirenelts for Contact Lenses

As a rresult of the special type of app).ication (i.e. tJ.e
rnaterial is in ccntact with the crcrnea) it is pretty well-lno'vn
trhich recnrireflpnts rnaterials for ontact lenses shor:Id fulfill
[f Zl. The' rmin r€crurrenents are listed in table 1. fhre r.,ettabili-
tV l= necessarT in order to rnailtain the lachryrnal film betr"een
tire nrateriaf ana the corneai this r*ettabiliq,ihould rrot be lost,
if the rnaerial is processed e.g. shaped by nechanical procedures.
Tl^re orygen pelTeability is necessar^y in order to zupply tlre or-
nea with olq/gen, since the cornea l^ns no other supplying sy,stern.
The nechanical prcperties l-nve to be sufficient for a secure hand-
ling and tlre tendenry of the surface not to oeposit orponents of

( 1 )
I

o
I

si-o -
K
Y

l€
R
R l

Y
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Table 1. Maj-rr reguirenents for hard contact lens naterial

Wettability

Or-perneability

Physical properties

Qtical prcperiies

Cl-renr-ical properties

9olta"t angle wittr water 30o in t}re
hydrated state,

!"*PiJiFy oefficienr p = t0x1O-11 *t02. crnz .m1-1 . s-1 .rm Hg-l ,

{gnsity: 1.1-I.2 g crn-3, suff icient
f locibility, high 

- 
har&ress , gmd scratch

resistance,

refractive irrdex n'OO = 1.43, tranmdssion
) 9 8 t ,

water absorbilg capacity<lO uJt.t, lqe
tendenry of deposition öf ccrnponents of
Iachryrnal fluid, chanical st^iility (nÄ
unlinked conponents of ocntact leni
nnterial; resistance to acids, bases,
.organic solvents, rnicroorganisns, *ä
w-I ight)  .

t}e lachq,'rnal film is necessan/
tarnilation. TLre crcrnnrn polynr:rs
nents [tZ]t are not able to tnifv
and the sarTe naterial.

in order to avoid rnicrobial con-
h- 

F". couple of sFEcial develop
all these reguirarents il one

rt seerns to be useful i' order to have a high olqrgen penrea_bility to use stmsture elerrents of silicones, =ir,". silicrcneshave an o)n/qen penrcabiliry of p = zgxrglit-.i ö;'*f:r.t_i:;:l .r-r r -1  l ' t  ^ '1  
-  

i

l9-'. L.r2J.. But silicrener 
1{" extrenely hydrcphobic. That rr=ans,the idea should be to buird up a siri;ne-riie netr^ork with hy-drophilizi,g *rponents incorporated. Tl-re hydrophilizing ccrrpo_nents have to be non-ionic il order to arrciä defosition of ;"p"_nents of the lachrynal fluid. Therefore alcrcnofic-groupilgs areto be preferred.

In pri-nciple cunpounds of the type (RO)_Si (alkylen OH) .
shou]d be useful in ccrrbination w'ith anothernn.a,-tk r"**.rä-31
crrrpound like si (oR)o [ro!. Then t]e ccndensation reaction should
follo^r eguation (2) ,-but there appears one ccnprication, since,
as prcnred by voronkov et aI. [ta],ttur,..sterification reaction
occurs ver)' easily with rnixtures-of alkoxysilanes. Reaction accord-
ing equation (3) nay take place and re-aa to a decrease of hrvdro-
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+ H2O

Si (OR)4 + (ROl 
3si-alkylene{H 

-------+

- ROt{

Si (OR)4 + (rO) 
3si-aUqr/Ien-Y 

--ä

I

o o
I

-.GSi4-Si-aIkylen-Y
I

o o
I

o o
r l

-GSiHi-allcylene{H
t l
o o
t l

( 2 1

R = a1)q/1

philicity. Sine eguation (3) easily rTr.ry occ-LLr under average con-
densation qcnditions, especially if one uses catalysts lilce prc-
tons, the ccnplicatiqr has to be avoided. l"leasurenents of alcohc-
lic solutions of orpcntnd I, eqration (21 , shour tiat if tl€ sol-
vent is evaporated to a higir extent type rr (eguation (3) ) oligo-
IIPrs are forned. This was proved by mass spectrcrretric analysis.

= Si-a\Iene{H + RO-Sir--ROH c- : Si-alkyl-ene-GSii (3)

I I

R = allqfl

In order to arroid this ccnplication a better route should be
to use latent hydrcpldlic organic Aroupings vrhidr develcp tlie
real hydrcphilicity after the ondensation process has taken
place. ttris principle should be perforned according to eguation
( 4 ) .

o o
r l

-O-Si-O-Si-alkylen-Y
r l

o o
( 4 )

l l

o o
r l

-O-Si-O-Si-a\Ien{rl
r l

o o
l l

R = allcyl; Y - Iatent hydrcphilic grcnrpilg

A t-echnical possibility in order to realize this idea couLd be to
use tlre ccnnercially arrailable epo>qlsilane (Ro) .Si-eGI?Ol(III) .
A cocondensation of Si (OR) 1 witi (III) shor:ld 16ad b hiqhl\' cross-
Iiiüed ard therefor.e to brittle rnaterials, Ttre inf luence of the
organic Arorping on the netr+ork nodification r^as un}crcHT1, and
therefore it rsas necessary to take care for building t-p suf fi-
cient elaslicity. If not, it will beccrre necessa-rf/ to ilcorporate
sürrsture elsrents r"tr-ich lead to a lrpre lirrear srosslilj..ilg. The
possi-bility for this is dgronstrated irr equation (5) .
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=  S ; - o l k y l  e n  J  + ? \  o l ky len  - s r=

R
I

n /  +

I
t

(s)

=  S i -o l ky l en  S  o t ky ten  -S r  =a r n

R = o l k y l  , - C O O R '

3 RESLILTS

3.1 Hydrcphilicitv

rf water is added to the.epo4gsit""9 (rrr) , the ep6pa16" ringcpens to ttte glycol grolrpilg tfU äccorüing to'"q;ti"n (6) .

(er3o)3sicaH6mr 
,4ä, 

H or ori /Hzg, | ' '

{'{ {"rH 
' ssic3H6m{2-o{42

-c{3oH

Thre reaction conditions under r+drich tj-is reaction can nrn arebasically ttre sar= wfere hydrorysis a'E condensation rmy takeprace (atcohoric solutions, protons as catalysts, addition ofwater). Ttre o'erarr reastion accrcrd.ing to egr:ation (6) does .otecclude a reaction acc\crdJrg to eguation (3) , lead.ing to a de_crease of the hydrcphilicity. The prroof that the ring cpenlngreaction takes place at the san= tin= as hydrolysis a1d conden-sation r,'ras qiven by IR- and NfR-rp""t oscopy (fig.4). fnrrestiga_tiors to rvl-rich extent the reastion accotd$; t"-ä;tion (5) de-sreases tne hydrcpilricity vrere not ca.rrie<j-oui, 
-ü; 

anotler wav

o
+

l

o

o
t

OH CI{

r I I ( 5 )
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fig.4. IR- and |I lR-spectra of tJ:e epc>qysilane III (a) before and
- 

(b) after hydrolysis and condensation

which sho^rc üe good possibility to avoid this is given b)' Voron-

kov !f Zl "= shcr^rn in eguations (7) and (8). This "water-free"

conoe.nsation reaction was proved by IR- and MfR-spectrosccrg/

r"ihich sho^ed that the epoxide ring v'as not opened and bY mass

spectroscoFy r^trich proved the appeara-nce of RX. By this , reaction

can be r11rn to a viscous naterial anC then by t}le add-ition of wa-

ter the epoxide rjsg will be opened to_the glyool grouping. After

this, the viscous rnaterial can be cr:red at terperatures of 100-

130.C to a solid rnaterial. But as a function of the high cross-

Iink:-ng, brittle rnaterial were procuced. and during the drying

p*"Oüe t}re desaggregation to a granulate occurreC.

2:SiOR + lD{ -- '+:Si4Si" + ROll + RX

R = ä l k y l ;  X = h a l o g e n

R'OH + 2  r t (  +  2  R 'X  +  2  H1O
z

H^O + 2:SiOR ---s 2 =sioH + ROil
I

= SrOH -"- '+ :  Si*Si :  + HrO

( 7 )

( 8 )
2

2

2

Epoxy-  CH

- U H

R ,  R ' = a l k y l ;  X = h a l o g e n
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rn order to n:n t}e condensation reactiqr to a Ngher ondensedrnaterial and to decrease tJre. shrilkage problern, in addition tosi{oR) 
{ 

Ti(oR)4 was used. This is ea6iry possüre uecause thehrat€r-tree Precordensation prrc€ss arroids the precipitation ofTio2 yd ]*d: to. a frorogeneous Ti-ontaining pr..oaensate. rheuse-of water in t}re presenc€ of Ti (On1, very oiten leads to theprecipitation of Tior, since the hydrolysis- and ondensation
rates are far higher-ttran that of Si (On1, crcntaining identical
organic substituents. Ttle overall reacti8n dernrnstrit"r eguation(9) . By addition of water t? the preondensate, t},e epo4rring isopened d th9 glycol growj-rrg is forned. The viscous is cured toccnpact rods frcm r.'trich crcntact lenses can be shaped by a ;;ü:-nical processi,g. The rnateriars have an o,qrgen perneabirity of(13+11 .10-11 mt oz.snZ.mr-l .  =:1 ..nm Hyl, a crcntact angle wittrwater in the hydrated state of (25+5i " , a tensile strength of2.1-3.6 MN.nr2 and a nodtrh:s of elasticity of tZg_ül.iöZ *;nr2.tt9 hardfing of contast lenses frcrn ttrese rnaterials is very airri-cult, since tlreir nechanical strength is not sufficient.

,o,, rD( ?R ?g: ,o,Ti (oR) 
4 + (Gt3o)3sicaH6oG{r-.,4n+r 

2- 
-,G-Ti-Gsic.

R'oH oR d*:nu*e442
l

(e )
uK (rx^ o O O CI{CHI  l  J  , / \  |  r  |  |-GTi+-sicaH6mt 

244 Z 
--+ +Ti-O-SiCaH6mHZ€Sz

oR OCI{2 o oJ

oGiOR
I

R = afl.ryl

In order to reduce brittleness, tjre incrcrporation of lirear
polynerizing €rrporrents shcn:ld be hetpful. ttehfore tle
polynethacryIate system was chosen by reason of their nechranical
prcperties and. .th"y \rery 10'r tendencry of deposition of
ccnponents of the lachryrnal fluid.

TtE realization of the'iacorporation of pfü,1q chains should
be possible according to egr:ation- (10) bry the .rse oi netlracryI_
oqlsilane (rc) 

3SiCaH6OG 
(GI-,) <t and neürylnet1.ncrylate (t.1ß) .

Agail the watei-fröe"precondäsation seerns to be useful- as r,el1
as the use of titaniun. Thre precorrdensation process (egr:ations l
and 8) is perforned by the epo4gsilane (III)'nethacrylo4ysilane
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f ?
0 - S r  0  S r  0

ö 5
c

xp- \x2

R 00c
I

-C--
HIC CHz

R  :  g l y c o l  g r o u p  c o n t o ' t u n g  o , g o n ' c  ? o d ' c o l

R . C H , , C 2 H ( O H

- .  _ %\ooc _

and Ti (OR) , until a viscous liquid is received. Thren this viscrcus
liquid is füxea u/ith l{ß, or hydrorynethylret}acryIate (}m'ß,) and
a polynerization catalyst and cured at terrperatures of 100-130oC.
This crrring reaction leads to ccrnpact rods v*rich easily can be
calt into blanks wtr-ich are processd to crcntast lenses. The pro-
perties of tlrese rrErterials are given in table 2. These rmterials
urrify in one and the sarTE product all necessary nechranical, Wti-
cal and surface properties for a crcntact lens rnaterial since the
deposition test rrith a lachryrnal sinn:lation fluid shcps that t}te
tendenqg of deposition of mrponents lachryrnal fluid is very lcp.

Table 2. Main properties of copolyrre.=u) crcntaining 20-30 nol. t
nettracrylatesb) , cured at 130oC

( 1 0  )

Tensile strengthc) (mr m-2 t -)
l4odulus of elasticity x 10 (MN m -)

I'tchs'hardness
Shore D hardness ?n Äl
Refractive index r{" 

s' 
p

Contast angle with"water-) (")

O.-perneabil ity crcefficient P =
'*1.  

OZ.onZ.ml:1 .  s- l  .nm Hg.11

- ' t  1
1 0 x 1 0

4 , 8 5  5 r 1 5
3 3  3 4

3
6 1  7 3

r  , 4 9 9  I  , 5 0 3
2 5 5
1 i . 5  1 3 . 3

a) Si l icate csrposi t ion:  60-70 nol t  epoxysi lane I f I ,  5 ncl . t
Ti (OR) 

4 
*d 5 nol . t nethacry loxysi lane .

b) l 'bt lncrylates R'( :m (Cr3 )  = C] l ,  wi t t r  R'  = G3 ,  C2H4OH.
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Figrure 5 sfrcrnrs a
described above.

photograph of rods prrooessed by the procedure

I,
I'

Fig.5. D<anples of nonolithic crcndensates

4 COTIUJSIONS

The investigationsr carried out il order to ccnrbile ilorga-
nic and organic netr^orks, shonr that it is possi-bIe to prepare anolecular scale ccnposite rnat^erial r^trricrr r:niries properties ofrron-netalric inorganic cornpongnt= (".g. preparatiän by "ot-gei
processhg, strrcture) with gr! of oiganic polyner= (o{rgd per-
neability elasticity) . This leads to tlie conllusion that'ürir'riy
of rnaterial developrrent can be successfully used for the prupui"l
t ion of very special rnaterials.
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