Tailoring surfaces with silanes

It isn’t surprising that a great number of encounters be-
tween dissimilar materials involves at least one member
thats siliceous or has surface chemistry with siliceous
properties; silicates, aluminates, borates, eic., are the
principal compenents of the earth’s crust. Interfaces in-
vilving such materials have thus become a dynamic area
of chemistry in which surfaces have been modified in
order to generate desired heterogencous environments or
toincorporate the bulk properties of different phases into
a uniform composite structure. Our purpose here then is

1o wse this work to exemplily how surfaces can be tailored.

Owr chemical and physical basis will be aFganosilianes
The general formula of an arganosilane (1) shows the
iwo classes of funciionality one encounters.

LT
il

A 15 a hydrolyzable group typically halogen, alkoxy, acyl-
oxy, or amineg, Following hydrolysis, a reactive silanol
group is formed, which can condense with other silanal
groups, for example, those on the surface of siliceous fill-
ers, ko Form siloxane linkages. Stable condensation prad-
ucts are also formed with other oxides such as those of
illuminum, zirconium, tin, titanium, and nickel. Less sta-
ble bonds are formed with oxides of boron, iron wnd car-
bon. Alkali metal oxides and carbonates do ol form sta-
ble bonds with 5i—0

The R group of (1) isa n|.|r|||:.-1.!rl.'||_'| rable organsc radcal
that may posses a functionality that imparts desired char-
acleristics,

The final result of reacting an organosilane with a sul-
strate ranges [rom aliering the wetting or adhesion char-
acteristics of the substrate, utilizing the substrate to caa-
Iyze chemical transformations at the heterogeneous inter-
face, ordering the imerfacial region, and to modifying it
partition characteristics. Let's look al some examples
Rather than annotating references, a general reading list
arranged by broad categories is appended. To see just how
ubkguitous the hllbj-.‘-l.'1 is, the reader may want 1o use thai

By Barry Arkles

Gelest Inc.
Reprinted with permission from:

Chemtec
Vol. 7, 766-778. 1977

e Gelest, Inc.

Scanning alociron micrographs of gliarakdebyde-ireated mito-
chondria bound 1o an cctadacylzilylated silica bead surface
200 | (author's work)

list mow 10 view the categories to be covered, There's
something lor EVETYOME.

Reactive telra-substifuled silanes

Silicon compounds that are fully substituted by hydro-
Ivzable groups {ic.. n = 0) nod only provide o model for
subsirate reactivity of organdasilanes, but can themselves
be utilized in modifying surfaces. IT hydrolvieed cirefully
under neutral conditions, they yield silicie acid SuQOH,,
which behaves as though it is dibasic with pKs a1 9.8 and
F1.8, Sihew acwd readily Forms polymers such as silica gel,
quiarte, or sihicates by condensation of the silanol groups
ofF resctron o silicate 1ons.

2B —OH — —&i—0—8] N

The relative rale o hvdrolysis for halogen substituted
silanesis | 2 Br 2= Cl = F, The by producy of hydrolvsis is
the hvdrohalic acid.

letrachlorosilane is of commercial imporance since 1
can be hydrolyzed in the vapor phase to form amorphous
_|':'rr.l.'|'.-.|I sileca.

Lhlorosilanes react with alcohols o form alkoxvsilanes,
which und-:r;_:f- st of the reactions of chlorosilanes.



Since they generate no acid on hydrolysis and are general-
ly less reactive, they are generally more convenient re-
agents than tetrahalosilanes. Increasing the size of the
alkoxy group and decreasing the number of alkoxy substi-
tutions decreases rate of hydrolysis. They undergo ex-
change reactions with hydroxyl containing materials
under conditions similar to those of carboxylic esters:

MeSi(OEt); + 3 Bu"OH — MeSi(OBu~®); + 3 EtOH

Tetramethoxysilane is used for deposition coating of
“glass” in television tubes, fluorescent lights, and similar
applications. The hydrolyzed silane binds in the form of
silica to the inner surface. Tetraethoxysilane is used, with
hydrolysis, as a refractory mold binder in precision cast-
ing. The silicate is mixed with water 5% in excess of that
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Figure 1. Deposition of silanes

necessary for hydrolysis, then slurried with ground fire-
clay or fused silica, which has been preblended with a
small amount of magnesium oxide. The slurry sets in the
mold in about an hour. In this case the hydrolysis product
binds the siliceous substrates together. Ethoxysilane solu-
tions have been used to bond zirconium in cathode tubes,
as binders for paints and films on ceramic bases, and as
bore stabilizers in oil wells. In silicone bathtub sealant for-
mulations ethylsilicates often play a dual role as crosslink-
ing agent and binder to the vitreous surface. As the size of
the alkoxy substituent increases, the silanes become in-
creasingly resistant to hydrolysis. Finally, tetrakis(2-eth-
ylbutoxy)silane and tetrakis(2-ethylhexoxy)silane are uti-
lized as heat transfer media, and low temperature lubri-
cants.

Acyloxy- and amino-substituted silanes are far more
susceptible to hydrolysis than the alkoxysilanes. They hy-
drolyze in minutes in water, whereas alkoxysilanes are
stable for several hours in water (pH ~7). The increased
rate of hydrolysis of the former is due to the acidic or
basic character of the byproducts. Thus catalytic amounts
of amine or acid are often added to accelerate the rate of
hydrolysis of alkoxysilanes.

Table 1 summarizes properties of some tetra-substitut-
ed silanes.

Mono organosilanes

In contrast with the bond to electronegative elements,
the bond of silicon to carbon is usually stable to hydroly-
sis. Several preparative routes are used to form such
bonds. Halo- or alkoxysilanes can be reacted with either
Grignard reagents or alkali metal organics:

RMgCl + HSiCl; — RHSICl, + MgCl,
RLi + SiCly — RSiCl; + LiCl
A more efficient route is through hydrosilylation of an
olefin, which is catalyzed by materials such as chloropla-
tinic acid, t-butylperoxide and amine complexes. The sili-

con generally ends up on the least substituted carbon
atom.

RCH = CH, + HSiCl; — RCH,CH,SiCl;

The greatest quantities of organosilanes are methy!l and
phenyl substituted. They are produced by direct synthesis.

Table 1. Properties of tetra-substituted silanes

bp (mp) Density
SiF, —86° (90°) 1.66 (—95)
SiCly 52° (—70°) 1.48
Si(OMe), 121° 1.03
Si(OEt), 169° (—85°) 0.893
Si(OnPr), 94°/5 mm 0.92
Si(OnBu), 115°/3 mm 0.90
Si(OEtBu), 168°/2 mm 0.89
Si(OEtHe), 194°/1 mm 0.88
Si(OAC), 148°/6 mm —
Si{0p)s 236°/1 mm (49°) 1.14 (60°)
Si(NMe,)s 157°/14 mm (3°) 0.90




Table 2. Silane wetting surfaces

Specific wetting

Silane surface, m2/g

Vinyltrichlorosilane 480
Vinyltriethoxysilane 410
Vinyltris(methoxyethoxy)silane 280
Methacryloxypropyltrimethoxysilane 315
Glycidoxypropyltrimethoxysilane 330
Aminopropyltriethoxysilane 355
Trichlorosilane 240

The specific wetting surface of a silane is determined from the minimum amount
of silane rquired to provide a uniform surface.

MeSiCl,
: Me,SiCl,
MeCl + Si T Me,SiCl

+ small amounts
of other products

Most of the widely used organosilanes have one organic
substituent. Reaction of these silanes involves four steps.
Initially, hydrolysis of the three labile groups occurs. Con-
densation to oligomers follows. The oligomers then hydro-
gen bond with OH groups of the substrate. Finally during
drying or curing, a covalent linkage is formed with the
substrate with concomitant loss of water. At the interface,
there is usually only one bond from each silicon of the or-
ganosilane to the substrate surface. The two remaining si-
lanol groups are present either in condensed or free form
(Figure 1).

Water for hydrolysis may come from several sources. It
may be added, it may be present on the substrate surface,
or it may come from the atmosphere. Water for hydrolysis
may also be generated in situ by dissolving chlorosilanes
in excess alcohol. Reaction with alcohol yields alkoxysi-
lanes and HCI, which can react with additional alcohol to
form alkylhalide and water.

The degree of polymerization of the silanes is deter-
mined by the amount of water available and the organic
substituent. If the silane is added to water and has low sol-
ubility, a high degree of polymerization is favored. Multi-
ple organic substitution, particularly if phenyl or tertiary
butyl groups are involved, favors formation of stable
monomeric silanols.

The thickness of a polysiloxane layer is determined by
the concentration of the siloxane solution. Although a mo-
nolayer is generally desired, multilayer adsorption results
from solutions customarily used. [t has been calculated
that deposition from a 0.25% silane solutien onto glass
could result in eight molecular layers (Table 2). These
multilayers could be either interconnected through a loose
network structure, or intermixed, or both, and are in fact
formed by most deposition techniques. The orientation of
functional groups is generally horizontal, but not neces-
sarily planar, on the surface of the substrate.

The formation of covalent bonds to the surface proceeds
with a certain amount of reversibility. As water is re-
moved generally by heating to 120° for 30 to 90 minutes
or evacuation for 2 to 6 hours, bonds may form, break,
and reform to relieve internal stress. The same mechanism
can permit a positional displacement of interface compo-
nents.
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Figure 2. Contact angle

The space between homogeneous phases is sometimes
called the interphase. In this region there is a steep gradi-
ent in local properties of the system. By treating a sub-
strate with silanes the interphase can acquire specific sur-
face energy, partition characteristics, mechanical and
chemical properties.

Uses

Wetting. The most widely used organosilanes, which do
not possess reactive organic substitutions, are used to alter
surface energy or wetting characteristics of the substrate.
In the simplest cases, methyltrichlorosilane, dimethyldi-
chlorosilane, trimethyichlorosilane. their alkoxy deriva-
tives, and hexamethyldisilazane are used to render sub-

Table 3. Critical surface tensions

Ye
Polytetraflucroethylene 18.5
Methyltrimethoxysilane 22.5

Vinyltriethoxysilane 25

Paraffin wax 25.5
Ethyltrimethoxysilane 27.0
Propyltrimethoxysilane 28.5
Glass, soda-lime (wet) 30.0
Polychlorotrifluoroethylene 31.0
Polypropylene 31.0
Polyethylene 33.0
Trifluoropropyltrimethoxysilane 33.5
3-(2 aminoethyl}-aminopropyltrimethoxysilane 335
Polystyrene 34
Cyanoethyltrimethoxysilane 34
Aminopropyitriethoxysilane 35
Polyvinylchloride 39
Phenyltrimethoxysilane 40.0
Chloropropyltrimethoxysilane 40.5
Mercaptopropyltrimethoxysilane 41
Glycidoxypropyitrimethoxysilane 42.5
Polyethyleneterphthalate 43
Copper (dry) 44
Aluminum (dry) 45
Iron (dry) 46
Nylon 6/6 46
Glass, soda-lime (dry) 47
Silica, fused 78
Titanium dioxide (Anatase) 91
Ferric oxide 107
Tin oxide 111

Note: Critical surface tensions for silanes refer to treated surtfaces.




SILANE SUBSTITUTHIN COMTAINING REALTIVE AMIKES
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strates water repellent. For example, glassware can be
dipped into a 5% o 100% solution of dimethyldiethoxysi-
lane and heated for ten minutes at 120 *C to render ihe
surface hydrophobic. Laboratory pipeties and graduwated
cylinders so treated exhibit a lat meniscuses and com-
pletely transfer agueous solutions.

G packing of celives or Nirchrick are often vreated with
dimethyldichlorosilane or trimethylchlorosilane 1o reduce
tailing.

Masonry can be treated with the sodium salt of methyl-
trichlorosilane hydrolysate to render it water repellent
while glass surfaces of metal-glass capacitors treated with
alkylsilanes exhibat reduwced electrical leakage in hurmid
conditions

Surface energy control
The degree of contral over solid-liguid interaction is

much more sophisticated than mdicated by the foregong
examples. Silanes can alter the critical surface tension of a
substrate in a well-defined manner. Critical surface 1en-
sion s pssaciated with the wettability or release gualities
of a substrate, Liguids with a surface tension below the
critical surface tension {¥e:] of @ substrate will wet the
surface, i.e., show a contact angle of 0 {cos &, = 1} (Figure
2). The critical surface tension is unigue for any solid, and
is determined by plodting the cosine of the contact angles
of liguids of different surface tensions and extrapalating
1o 1 (Table 3). The contact angle 15 given by Young's
eyuation;

T = T = I-"H""'I'I:

where v = interfacial surface tension, 5, = surface ten-
siomn of lguid, and (v, = 5 when v = ¢ and cos 8, =
1]

?:1'||i|n|.' trenlment |:|,_1:q. i|||-.w. n;d conlral of '.|'|i::||l'rl.|'|'&-i|_' Ac-
tvitly of silica and clays in grease and oil applications. In
the reinforcement of thermosets and thermaoplastics with
glass Nbers, one approach lfor optimizing reinforcement is
to match the eritical surface tension of the silvlated glass
surface (o the surface tension of the polymer in its melt or
uncured condition, This has been most helplul in resins
with no obvious functionality such as polyethylene and
polvstyrene. Immaobilization of cellular organelles, includ-
ing mitochondria, chloroplasis, and microsomes, has been
effected by treating silica with alkylsilanes of Cy or great-
er substitubion, The organclles can be adsorbed Trom solu
tion by such surfaces.

Complex rids, bosses, and stiffness. in MOR 250 base and housing
asgambly permit diract attachment and support of elaciroms and
rmechanical componants, The parts are made from glass Fiber!
polyester composite shest molding compounds. (Courtesy
Dwans-Coming Finarglass)
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Figura 3. Liguid chromatograghy, using ocladecy|silylated porous
sllica support

Mobda phasa, G040 acatonitrile: 001 M SmMmonium carbonats; paaks.
a0, $CH, $:5iH, 1,3 84,0Hy, From Gilpin

Chromalography

Octadecyl, and cvanopropyl silanes provide bonded
phases for gas and liquid chromatography { Figure 3). Re-
verse-phase thin-laver chromatography can be accom-
plished by treating plates with dodecyltrichlorosilane

By forming complexes of copper ions with aminoalkylsi-
lyated surfaces, an interphase results that can selectively
adsorb ethyvlene, propyvlene, and other gases.

Liguid erystals

e geometry of the interphase can also impose orienia-
tion on the bulk phase. In liguid crystal displays. clarity
and permanence of image are enhanced il the display can
B¢ oriented parallel or perpendicular to the subsiraie. The
use of surfaces treated with octadecyl{ 3-(1rimethoxysil-
¥lppropyld ammonium chloride {perpendicular) or meth-
viaminopropylinmethoxysilane (parallel) hes eliminated
micromachining operations ( Figure 4). The oriented crys-
talline domains olten observed in reinforced nylons have
also been attributed Lo orientation effects of the silane in
the interphase

(&b M, N-dimedfy-N-octadecyl-3-aminopropyltrime thoysilyl

chiloride [DRMOARP)
c*ﬂIH:I?
Cl =+ N—{CHz]25i{0CH:)s
ANy
CHa  GHsy CrpHar
= [CHzla
*+— Subsiralae

Scanning electron micrograph of a broken gear loath from a
non-coupled glass fiberfacatal composite. Nola thal cleavage
occumed between fibers (author's work)

The substituied aminosilanes described above, althou gh
not functional in the organic phuse, arc an example of
mixed function with the substrate, The substrate silanol
groups will hydrogen bond 10 the amine groups. Another
example of mixed-function substrate interaction is silane
derivatives of ethylenediamine-1vpe compounds. These are
utilized for treating metal subsirates because the amines
chelate metal atoms. The aminoalkylalkoxy silanes also
have the unique feature of hydrolyzing immediately in
water solutions and slowly condensing 1o oligomers. The
speed of hydrolysis has been attributed both 1o the basici-
ty of the group and to the internal chelation of the amine
function with its silanolate. The extent of internal evelizas
tion is strongly dependent wpon pH. Mear pH 7 silica is
above its isoelectric point {2.2) and surfaces are rich in si-
lanol anions. IF the organic substitution containg a cationic
group imitially, the silane will tend first to orient with the
silanol anions un the substrate followed by hydrolysis of
the alkoxy groups. [t is the initial anionic substrate that is
exploited for deposition of silanes used in orientation of
lyguid crystals.

(b} M-methyl-3-aminopropyttimethoxyailane (AP
HyGC—N—(CHzhSI{OCH:k
|

H

[CHz)a
RS — Suserate

Figua 4, Orintation effects of sllanes for guid crystal displays From Kahn
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Mon-covalent functional interaction

Hydrogen bond and dipole interaction of organofunc-
tional substituents has been applied 1o the binding of res-
ins. Polvamides, thermoplostic and polyesters, polyearbo-
nates, and polyphenylene oxmdes are typically reinforced
wilh glass Nibers treated with armmnofunctional silames. The
silames may contain single or multiple Tunchionality, for
example the r-trialkexysilvipropyl derivatives of amma-
nia, ethylene diamine, dicthylenetriamineg, and polyvethyl-
cncimines. The aminosilames often lend an undesirable
yvellow-brown coloration o composites and wrea, urethane,
of amide compounds are sometimes used 1o reduce colora-
tion.

The strong hydrogen bonds formed by these silanes are
also used to bind dves to both glass and cellulosic fabrics,
In these cases, however, one of the alkoxy groups is often
substituted with a methyl growp to retain Aexibality of the
cloth,

lanic and polar imeraction of silane-modified surfaces
has been adapted 1o jon-exchange columns and higuid
chromatography. (Chloromethyl) phenylalkylsilanes have
been reacied with silica surfuces and then treated Lo form
benzylic sulfonate and carboxylate salis for cation ex-
change. Quaternary ammanium salis are used as anion ex-
changers in phisphare-buifered butanol-warer, Cyanopro-
py¥l and polyvethylene oxide substituted alkylsilvlated sia-
tiomary phases have satisfied the requirements for liguid

Scanning electron micrograph at a broken gear tooth from an
aminosilang-coupled glass fiberfnylon /6 compasibe. Moate bow
fibars hawe broken as well as matrix [author's sork)

chromatography separations of amino acids and many ste-
roads.

Coupling agents

One can form covalent bonds betwesn an organic md-
ety and a substrate through an intermediary Tunctional
silane, called a coupling agent. Coupling agents are used
in enzyme immobalization, solid staie synthesis, as antimi-
crobial agenis and dye-Tixing agenis in texiiles, organic
surfmce coatings, and polvmer composites and bulk inter-
faces. In most cases the substrate is pretreated with the
silane-coupling agent, but imegral blending accomplished
by simple mixing of all the reactants at once, particularly
for coatings and composites, is [requently used.

There are several limitations on the functionality that
may be introduced in a silane-coupling agent. Silicon is
less electronegative than carbon., Consequently, introduc-
tion of electronegative substitutes on the alkyl pertion of a
coupling agent has o considerable influence on the reactiv-
il}' ol the 51—C bond, ["||;.u.:1r\-::-||-|.:g;:'li1.'|: substitution an Lhe
A carbon .ﬂlwa:.-x has the greatest efTeer, The 5 —C bond
is readily accessible 1o necleaphilic or electrophilic antack
as well as subject 1o thermal decomposition. ™ ucleophilic
attack also takes place on the = carbon, although suscep-
tibility 1o elecirophilic attack is reduced. Most silane-cou-
pling agents introdece Minctionality al the v carbon where
ihese effects are far less significant. Certain functional
groups like the carboxylate are eliminated because they
regct with the alkoxy portion of the silane.

Polymaer applications

Coupling agents find their largest application in the
area of polymers, Since any silane that enhances the adhe-
sion of a pelymer 15 often termed o couphing agent, regard-
less of whether or not o covalent bond is formed, the defi-
nition becomes vague, In this discussion the parochial out-
loak will b :|.|.‘|u]:-||,:-:|., and |1r|'|}' silanes that Torm covalent
I:'|I1I'II.1h dirvl.:l.'ll'_-' 14 l|1|.: Fu.ll:.'mn:.r 'u.'|.|| I;s-u -:.:|||.1-\.i|.|1.:1'|.:\-|! Th-e:. i
valent bond may be formed by reaction with the limshed
polymer of copalymerized with the monomer. Thermo-
plastic bonding is achicved through both routes, although
principally the former. Thermosets are almost entirely
limited to the latter. The mechanism and performance of
silane coupling apents is best discussed with reference to
specilic systems. The most important substrate is E-type
fiberglass, which has &-15 silanol groups per mg?

Thermosel composiles

Ful}ﬂl:ru. Lnsaturated thermaser polyesiers, owing 1o
thear facilivy for undergoing free-radical polymerization,
can be modified by copolymerization with reactive mono-
mers, These resing, usually of lopsely defined siructure,
often have had their viscosity reduced by addition of a sec-
and monamer, typically styrene. The usual coupling
agenis for thermoset polyesters undergo radical copaly-
merization in such systems. Vinylsilanes have achieved
widest use. Vinyltrichlorosilane is used less often than
vinvlirialkoxysilanes or vinyliriacetoxysilanes because of
both the first’s corrosive nature and reluctance 1o undergo
lree-radical additions, Methacrylyl and styryl functional
silanes undergo addition muech more readily than vinylsil-
anes

In |=r|_'11{:|:';,|,|, bhetter reinforcement 15 obtaimed when the
silane monomer matches the reactivity of the styrene rath-
er than the maleate portion of the polyester.
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Figure 5. Thermoset—silane model reactions

A direct approach to selecting the optimum silane uses
the € and Q parameters of the Alfrey-Price treatment of
polymerization. Here e indicates the polarity of the mono-
mer radical that forms at the end of a growing chain,
while Q represents the resonance stabilization of a radical
by adjacent groups. Optimum random copolymerization is
obtained from monomers with similar orders of reactivity.

Apart from copolymerization, a second route is avail-
able for silane coupling. A typical formulation contains
propylene glycol, maleic anhydride, and phthalic anhy-
dride with excess glycol to drive the reaction to comple-
tion. The excess alcohol groups can be reacted with epoxy
or isocyanate functional silanes. The situation is parallel
to alkyds used in paints and protective coatings. These res-
ins are synthesized from polybasic acids and polyols, usu-
ally phthalic anhydride and glycerol. As with polyesters,
the alcohol function is in excess, so the epoxy and isocya-
nate silanes are also used. Adhesion of polyesters is en-
hanced not only with silane coupling agents but with sil-
ane hydrogen-bonding agents, i.e., the amino silanes.

The unsaturated polyesters represent the largest use
area for organosilanes. Fiberglass lay-up and spray-up for
large structural parts such as boats and car bodies are
well-known applications. In lay-up applications, glass
cloth is impregnated with resin, while in spray-up applica-
tions a mixture of polyester and unoriented long glass fi-
bers are sprayed onto a mold or a base structure. Volume
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usage of sheet molding compound (SMC) for smaller
parts like business machine housings is also expanding.
SMC is prepared by blending polyesters and unoriented
fiberglass into sheets and partially curing the system.
Final cure is accomplished by heat and pressure in the
molding step.

Urethanes. Thermoset urethane can be effectively cou-
pled with two types of silanes. The first type, including
isocyanate and isothiocyanate functional silanes, may be
used to treat the filler directly or integrally blended with
the diisocyanate (TDI, MDI, etc.) prior to cure. Amine
and alkanolamine functional silanes, on the other hand,
are blended with the polyol rather than the diisocyanate.
Isocyanate functional silanes couple with the polyol. Alka-
nolamine functional silanes react with the isocyanate to
form urethane linkages, while amines silanes react with
the isocyanates to yield urea linkages.

A typical application for a coupled urethane system is
improving bond strength with sand in abrasion-resistant,
sand-filled flooring resin.

Epoxies. Epoxy resin systems are treated much as ure-
thanes. Thus epoxycyclohexyl and glycidoxy functional si-
lanes are used to pretreat the filler or blended with the
glycidylbisphenol-A ether. Amine functional silanes can
likewise be used to pretreat the filler or blended with the
hardener portion. Treatment of fillers in epoxy adhesives
improves their dispersibility and increases the mechanical
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properties of the cured resin. A large application area is
glass cloth-reinforced epoxy laminates and prepregs in
aerospace and electrical circuit board applications.

Phenolics. Phenolic resins are divided into base cata-
lyzed single-step resins called resols or better known acid
catalyzed two-step systems called novolaks. Although
some foundry sand molds are formulated with resols and
silanes, the commercial utilization of silanes in phenolic
resins is largely limited to novolak/glass fabric laminates
and molding compounds. The phenolic hydroxyl group of
the resins readily react with the oxirane ring of epoxy si-
lanes to form phenyl ether linkages. When phenolic resins
are compounded with rubbers, as is the case with nitrile/
phenolic or vinylbutyral /phenolic adhesives, or impact-
resistant molding compounds, additional silanes, particu-
larly mercaptofunctional silanes, have been found to im-
part greater bond strength than silanes that couple to the
phenolic portion (Figure 5).

Thermoplastic composites

Thermoplastics provide great synthetic challenge in
promoting adhesion through silane coupling. The silanes
must react with the polymer and not the monomeric pre-
cursors, which not only limits avenues for coupling, but
also presents additional problems in rheology and thermal
properties during composite formulation. Moreover me-
chanical requirements here are stringently determined.

Most thermosets are either reinforced with continuous
fiber mat and roving or they are simply filled. Although
fillers are used in thermoplastics, the thrust is toward dis-
continuous fiber reinforcement. The discontinuous glass
fiber-reinforced thermoplastics have formed a major in-
dustry serving the injection molding and extrusion market.

Thermoplastics with discontinuous reinforcement were
developed from observations made on continuous fiber-
reinforced thermosets. Composites with broken glass fi-
bers were found to maintain much of the tensile strength
of composites with unbroken strands. Moreover, reinforce-
ments made of chopped fibers laid end-to-end gave similar
results. In thermoplastics, like thermosets, the fibers are
the principal load-bearing component. The matrix trans-
mits the load to the fibers. Load is transferred into the
fiber from the matrix through shear action. The shortest
fiber that permits stress build-up to a level where tensile
fracture occurs in the fiber is termed the critical length
(1o). (The critical aspect ratio for a glass fiber is 20:1.)
With a composite made up of fibers of critical length, the
average stress in the fiber is half the tensile strength of the
fiber. In fiber longer than |; a greater portion of the fiber
can be stressed to the tensile limit so that a discontinuous
fiber is ten or a hundred times ., the stress that can be re-
alized in the fiber is 95% and 99.5% of that using continu-
ous fibers, respectively.

Polymers that contain regular sites for covalent reactiv-



ity cither in the backbone or ina pendant group include
polydicnes, pelyvinylchlorde, polyphenylene sulfide,
aeryhic homopolymers, malewe anhydride, aerylic, vinyl ac-
etate, diene-containing copolymers, and halogen or chlo-
rosulfonyl-modified homopolymers. A surprising number
of these are coupled by aminoalkylsilanes. Chlorinated
polymers readily form quaternary compounds while the
carboxylate and sullfonate groups form amides and sulfon-
amudes under process conditions. At elevated tempera-
tures, the amines add across many double bonds although
mercaptoalkylsilanes are the preferred coupling agents.
Although the most widely used coupling agenis, the ami-
noalkylsilanes are not necessarily the best. Epoxysilancs
for example are frequently used with acrylics, whose prop-
erties vary widely, Reinforcement of PYC enhances its di-
mensional stability and increases its resistance Lo defor-
mation at increased lemperature, Polyphenylene sulfide
(PPS) can be wtilized a1 temperatures up to 500 *F while
under compressive loads, Both are wsed in pump housings
and impellers while polypropylens /maleic anhydride or
acrylic-reinforced copolymers are used in avtomalive Man
shrowds.

A challenge
The group of polvmers that mest closely approaches

theoretical limits of strength does nol appear 1o contain
regular opportunitics for covalent bond Tormation o sub-
strate. Most of the condensation palymers mcluding poly-
amides, polyvesters, polycarbonaes, and polvsulfones are
in this group. Adhesion is promoted by introdecing high
energy groups and hvdropen bond potential in the inter-

& Howlatt-Packard portable prifing caloulator demonstrates a
wiche wariety of composite applications. a, carbon filer—PTFES
polyphanylane sulfide; b, o glass fiber/polycarbonate; ¢, &
glass fiber/PTFE/polycarbonate, {Courtasy LMNP Corp,)
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phise aren or by taking advaniage of the relatively low
malecular weight of these polymers, which results ina sig-
nificant opportunity for end-group reactions. Aminoalk-
ylsilanes, chlorealkylsilanes, and isocyanatosilanes are the
usuwitl candidates for coupling these resins. This group has
the greatest mechanical strength of the thermoplastics, al-
lowing them o replace the cast metals im such tvpical uses
as gears, connectors, and bobbins,

The polyolefing and polyethers present no direct oppor-
wnity for covalent coupling. Until recently, the principal
approach for composite formulation was to match the sur-
face encrgy of the filler surface, by treating it with a sub-
stituted silane, with that of the polymer. For optimam re-
inforcement, preferred resins should be of high molecular
weight. linear, and have low melt viscosity. Approaches 1o
improved compasite strengih have been through compati-
bility with long chain alkylsilancs or aminosilanes. Far
miare effective is coupling with vinyl or methacryloxy
groups, particularly if additional coupling sites are crealed



in the resin by addition of peroxides. Dicumyl peroxide
and bis(¢-butylperoxy) compounds at levels of 0.15% to
0.25% have been introduced into polyethylene compound-
ed with vinylsilane-treated glass fibers for structural com-
posites or vinylsilane-treated clay for wire insulation. In-
creases of 50% in tensile and flexural properties have been
observed in both cases when compared to the same silane
systems without peroxides.

Greater strengths are being achieved by inducing reac-
tivity within the polymer. If polystyrene, for example, is
processed at temperatures of 250 °C, it begins to de-
polymerize to yield free-radical ends. Silanes capable of
chain transfer can couple to these radicals. Thus at in-
creased temperature epoxycyclohexylethyl, chloropropyl,
phenyl, and substituted silanes couple to polystyrene
forming a resin coating that cannot be removed by sol-
vents. The resulting dimensional stability and flexural
modulus of styrene, and its copolymers with acrylonitrile,
led to opened use in auto housing and dash panel frames.

A second radical-induced method of coupling uses chlo-
rinated alkylaromatics, e.g., bis(trichloromethyl)benzene,
which decompose at higher temperatures. The newest and
most promising approach for coupling polypropylene and
polyethylene is through silylsulfonylazides. Unlike azide
bound to silicon, sulfonyl azides decompose above 150 °C
to form a molecule of nitrogen and a reactive nitrene that
is capable of insertion into carbon-hydrogen bonds, form-
ing sulfonamides, into carbon-carbon double bonds, form-
ing triazoles, and into aromatic bonds, forming sulfon-
amides. Fillers are treated first with the silane and then
the treated filler is fluxed rapidly with polymer melt.
Properties of homopolymer composites have approached
those of copolymer, leading to use in squirrel cage blowers
and timing cams.

The linear ethers, which include polymethylene oxides
and copolymers and polyphenylene oxides, have not to my
knowledge been coupled directly to substrates. Bonding is
primarily the result of electrostatic interaction with the
ether oxygens. Amine and cationic substitution are pre-
ferred. Indirect coupling through formation of ketals with
hexafluoroacetone has met with some success. Glass-rein-
forced ethers are engineering materials. Acetal composites
are frequently found in gears, bearings, valves, and other
wear applications. PPO/styrene blends are found in hous-
ings for business machines. Long-term exposure to water
is an excellent application area for glass reinforced ethers
(Figure 6).

The property compromise

Our discussion of coupling agents for fiber-reinforced
thermoplastics has oversimplified several aspects of cur-
rent technology. A thermoplastic composite may have to
meet several criteria in a particular application: flexural
modulus, resistance to creep, deflection under load at ele-
vated temperature, etc. The most widely applied crite-
rion—toughness-—is both the most ill-defined and hardest
to meet. Usually the go/no-go test is impact strength.
Work-to-break is generally associated with toughness. In-
creasing the effectiveness of a coupling agent increases
tensile strength, but this increase can occur with apparent
decreases in impact strength. Usually this dilemma is at-
tributed to loss of elongation. It has been demonstrated
that by creating a low modulus interphase without chemi-
cal coupling, toughness of a composite can be improved,
but other mechanical properties are sacrificed. Elastomers

provide an interesting analogy. Coupling agents that im-
prove dispersion of fillers within the elastomer and main-
tain impact are hydrophobic, while those that increase
stiffness and promote adhesion are reactive with the vul-
canizing or crosslinking centers. If the work-to-break is
considered a function of the tensile strength (force) and
elongation (distance), tougher materials can be produced
by increasing their product by any mechanism. In a ho-
mologous series of coupling agents, an increase in tensile
strength can usually be correlated with an increase in
elongation and impact strength. An optimistic view for
achieving ultimate composite toughness is through opti-
mizing all mechanical properties. Styrenics and acetals
demonstrate overall improved impact strength mechanical
properties when compared to their unreinforced counter-
parts (Table 4).

Another aspect of silane coupling technology that is not
straightforward is application of the silane to the glass fi-
bers. Glass fibers must be sized to stop breakage and allow
handling. The sizing system contains a binder, usually
polyvinyl acetate in older formulations, and in current for-
mulations usually polyester. Specialty binders include pro-
pylene-acrylic latices. Lubricants and antistats are also
present. The sizing system may be permanent or fugitive.
The silane, just one component of the size system, may be
interferred with by other components.

Solid-state synthesis

Silane-modified supports including glass and silica are
used for the stepwise analysis and synthesis of highly poly-
meric proteins. The supports are macroscopic, inert
structures, usually beads, which have ready access to reac-
tants and yet may be physically confined. Proteins derive
their chemical and physical properties from the ordered
sequence of many amino acids. In order to clarify
the structural and functional mechanisms of proteins, a
number of methods of solid-phase analysis have been de-
veloped for elucidating the amino acid sequence. They use
aminoalkyl and isocyanatoalkyl siliceous supports that are
easy to prepare, have great consistency, and are less ex-
pensive than modified polystyrenes and polystyrene co-
polymers. The greater stability of inorganic supports also
allows analysis of larger peptides.

Edman degradations can be accomplished by treating
aminopropylsilylated supports (a silica with 10-75 A
pores yields about 2 X 10~7 moles of aminopropylsilane
per gram of glass) with the peptide to be analyzed in the
presence of dicyclohexylcarbodiimide. The carboxyl end
of the peptide bonds to the amino group of the silane
through an amide group. The bound peptide is then treat-
ed with phenylthiocyanate in the presence of base to yield
an N-terminal phenylthiocarbamyl derivative which, on
treatment with acid, cyclizes to a phenylthiohydantoin
and cleaves. The hydantoin is analyzed and the process re-
peated with the bound peptide residue.

A variety of alternative immobilization techniques have
been developed. For example, aminosilanes are often
treated with p-phenylene diisothiocyanate. One of the
functional groups becomes bound to the silane through a
thiourea group, while the remaining isothiocyanate group
may be reacted directly with the amine group of a protein
(usually from a lysine residue) (Figure 7).

Although (chloromethyl)phenylalkylsilane supports
treated with triethylene tetramine adducts are used for se-
quencing, their more important use is in solid-state syn-



Table 4. Properties of 30 % glass fiber-reinforced thermoplastic composites

Mold Tenslile
Specific shrinkage, yleld strength,

gravity in./in. 103psi

ASTM test: D792 D955 D638

ABS 1.28 0.001 14.5
(1.05) (0.006) (6.0)

Acetal 1.63 0.003 19.5
(1.42) (0.020) (8.8)

Ethyiene tetrafluoroethylene 1.89 0.003 14.0
(1.70) (0.018) (6.5)

H.D. polyethylene 117 0.003 10.0
(0.95) (0.020) (2.6)

Nylon 6 1.37 0.004 23.0
(1.14) (0.016) (11.8)

Nyion 6/12 1.30 0.004 22.0
(1.07) (0.011) (8.8)

Nylon 6/10 130 0.004 21.0
(1.08) (0.016) (8.5)

Nylon 6/6 1.37 0.004 26.0
(1.14) (0.018) (11.8)

Polycarbonate 1.43 0.001 18.5
(1.20) (0.006) (9.0)

Polyether sulfone 1.60 0.003 19.0
(1.37) (0.007) (12.0)

Polyphenylene 1.27 0.002 21.0
oxide-base resin (1.06) (0.005) (9.5)

Polyphenylene sulfide 1.56 0.002 20.0
(1.34) (0.010) (10.8)

Polypropylene 1.13 0.004 10.0
(0.91) (0.018) (4.9)

Polystyrene crystal 1.28 0.001 13.5
(1.07) (0.004) (7.0)

Polysulfone 1.45 0.003 18.0
(1.24) (0.007) (10.0)

SAN 1.31 0.001 17.4
(1.08) (0.005) (9.8)

Thermoplastic 1.52 0.003 19.5
polyester (PBT) (1.31) (0.020) (8.5)

polyvinylchloride 1.34 0.001 13.0

0.003 6.0

Polyamide-imide 1.60 29.0
(1.40) (0.007) (27.4)

Note: Values in parentheses are the neat base resins.

Flexural Deflection Coeft. of
modulus, temp., thermal expan.,
108pgi Impact strength, @ 264 psi, °F 10-5in./In./7°F
D790 notched-un-notched D648 D696
1.10 1.4 3-4 220 1.6
(0.32) (3.0) (195) (5.3)
1.40 1.8 8-10 325 2.2
(0.40) (1.2) (1.6) (230) (4.5)
1.10 7.5 17-18 460 1.6
(0.20) (>40) (160) (4.0)
0.90 1.1 8.9 260 2.7
(0.20) (120) (6.0)
1.20 23 20 420 1.7
(0.40) (1.0) (167) (4.6)
1.20 2.3 14 415 1.5
(0.24) 1.0 (150) (5.0)
1.10 24 20 420 1.5
(0.28) 1.0 (135) (5.0)
1.30 20 17 490 1.8
(0.41) 1.0 (170) (4.5)
1.20 37 17-18 300 1.3
(0.33) 12-17  >40 (265) 3.7
1.20 1.5 10 415 1.8
(0.37) (400) (3.1
1.30 1.7 10 310 1.4
(0.36) 17 (265) (3.3)
1.60 1.4 8-9 500 1.1
(0.60) 0.3 (280) (3.0)
0.85 1.6 5-6 295 2.0
(0.18) 0.5 2.0 (135) (4.0)
1.30 1.0 2-3 215 1.0
(7.45) 0.25 1.0 (180) (3.6)
1.20 1.8 14 365 1.4
(0.40) 1.3 (340) (3.1)
1.50 1.4 1-4 215 1.8
(0.50) 9.50 (200) (3.4)
1.40 1.61.8 9-10 430 1.2
(0.34) 0.8 1.0 (130) (5.3)
.85 1.2 0.5 155 1.7
0.40 155 5.9
1.4 1.8 11 550 1.0
(0.66) (2.5) (19) (525) (1.8)

thesis, where they are rapidly replacing chloromethylated
styrene divinylbenzene (Merrifield Resin). Not only are
the former easy to prepare, but they also avoid carcino-
genic intermediates.

The silylated support is allowed to react with the
triethylammonium salt of a protected amino acid. The re-
sulting ester is analogous to the benzy! ester of the acyl-
amino acid. Once the initial amino acid residue has been
coupled to the support, a variety of peptide synthesis
methods can be used. Automation allows eight synthetic
steps daily. At the completion of synthesis the anchored
peptide is separated from the support with hydrogen bro-
mide in acetic acid. Such peptides as bradykinin and en-
zymes as ribonuclease have been synthesized on solid sup-
ports.

Solid-state catalysis

Use of the ability of enzymes to catalyze reactions in
cell-free systems has been limited by the difficulty of en-
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zyme isolation, lability of the enzymes, and difficulty in
effecting clean separations of enzymes from reaction mix-
tures. An approach that has circumvented some of these
problems is to attach enzymes to solid support materials.
Such immobilized enzymes serve as models for mem-
brane-bound in vivo enzymes and can be used repeatedly
in continuous processes; they can be separated cleanly
from products. Their stability to extremes of pH and tem-
perature is enhanced.

Methods of immobilization are divided into two classes:
covalent and noncovalent. Silane-modified supports have
played roles in both, but emphasis has been on covalent
bonding. The most frequently used technique for immobil-
izing enzymes on a solid support involves reducing N(si-
lylpropyl)-p-nitrobenzamide groups placed on supports to
give aniline derivatives, then converting them to diazoni-
um salt and effecting coupling through azo linkage to the
tyrosine of the proteins. Isothiocyanate and azido func-
tions on supports have been used as well. Here lysine resi-
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Figure 7. Enzyme immobilization

dues appear to be the more reactive.

Silymercaptans have been used to couple cysteine resi-
dues, and amine alklylsilanes have been coupled with as-
partic and glutaric acid residues with dicyclohexylcarbo-
diimide.

Use of immobilized enzymes for production is at the
pilot stages with several systems demonstrating sufficient
efficiency for final scale-up. Production of glucose and in-
vert sugar are probably the largest applications. Substan-
tial research is being done on glucoamylase, which hydro-
lyzes the glycolytic linkages of corn starch. Systems that
promise to have the most immediate impact are catalase
and trypsin treatment of milk, which increases its shelf life
and allows higher storage temperature, and amino acid
acylase, which can be used to resolve D and L amino
acids. Laboratory and clinical applications that have rap-
idly reached fruition include affinity chromatography and
phospohexoseisomerasc assays.
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