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INORGANIC ORGANIC SOL-GEL DERIVED HYBRID MATERIALS AS
ABRASION RESISTANT COATINGS

Chenghong Li
[Abstract]

Inorganic-organic hybrid materials have been developed using sol-gel reactions of a
trialkoxysilylated organic compound and a metal or semi-metal alkoxide and applied as coatings
on polymeric or metallic substrates. Many of these coatings have demonstrated good to excellent
abrasion resistance.

Abrasion resistant coatings were prepared by hydrolysis and condensation of mixtures of
a triethoxysilylated diethylenetriamine (f-DETA), tetramethoxysilane (TMOS), water and an
alcohol in the presence of an acid catalyst (a one-step hydrolysis approach). The influences of
many formulation and processing variables on the gelation time, optical properties, hardness and
abrasion resistance were investigated. An aminolysis mechanism was also proposed to explain
the adhesion between sol-gel derived coatings and polycarbonate substrates promoted by a 3-
aminopropyltriethoxysilane (3-APS) primer. FT-IR, GPC, 1H and 13C NMR, XPS experiments
were conducted to support this mechanism.

The f-DETA/TMOS system is essentially a binary system of an alkyltriethoxysilane (T)
and a tetraalkoxysilane (Q). At pH 0-2 and pH 4-5, the relative condensation reactivities of the T
and Q species in this system were compared using 29Si NMR spectroscopy. After thermal
curing, 13C or 29Si solid state NMR spectroscopy was used to estimate the extent of hydrolysis
of the urea linkages in f-DETA, the concentration of residual alkoxysilane groups, and the extent
of condensation for both T and Q species. The dependence of the morphology of -DETA/TMOS
gels on the pH and the water concentration was also investigated using AFM, SEM and SAXS.

Many other trialkoxysilylated organic compounds containing urea, urethane, epoxy and
siloxane linkages were also synthesized and utilized to prepare abrasion resistant coatings via a
one-step hydrolysis approach, a two-step hydrolysis approach or a moisture-curing approach.
Coatings derived from many of these systems or approaches demonstrated abrasion resistance
comparable to that of the f-DETA/TMOS coating. Thin coatings were also derived from cubic
octasilicate monomers via hydrosilylation or sol-gel reactions. These coatings were very
transparent but unfortunately lacked abrasion resistance.
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PREFACE

Many optical pdymers have excellent transpargniower densities, and better ghness
than inorganic glasses and hence are ideal candidates for glazingg #irem several
paycarbonates arexeemdy tough and caibe potentidly utilized as glazingdr automobiles,
trains and airplanes. According tay®r AG, Germay, and GE Plastics, USA, “the main
advantagesf polycarboate glazingnaterials over glass windows include notyoa hgh
degreeof desgn freedom andigh resistance to impact and forcedrgnibut also a weight
saving of up to 40 percent. Conseqigntplacing glass windows with polycarbonate glazing
for automobiles should improve fuel effio®y, lower emission, and reduce the risk of injunés
occupants o¥ehicles in caes of side impact and roll-over accidents”. Howevelyqgarbmates
also have a fatal weaknessery poor wear resistance. Without protection, the material can
suffer from severe surface damage and lose trangpyageicky during daily use and
maintenance. One possible solution to this problem is tky @pjhin laer of a hard and tough
protective oating. OnJune 15, 1997, &er AG and GE Plastics announced the fongaif a
joint venture in the field of abrasion-resistant, coatdgiqgasbon&e automobile windows3. The
50-50 joint venture will invest about $40 million in research, techiyplagd equipment during
the net few years to develop new abrasion resistant ngatas well as the application and
process teatologies required to enablbeoad useof polycarbonate windows in &dnced vehicle
designs. @e March 9, 1998, &er AG and GE Plastics announcédttthey have completed
creation of lhe joint venture and theew conpany, Exated™ L.L.C. will be headquartered at
Wixom, Mich., with the European headquarters at Cologne, Ggrma

Prior to the founding of fatec™ L.L.C., may aaylate andurethae abrasion resistant
coatings were devebed forvarious applications. Ord the important applications of these
coatings is to protect pgher lenses for theye-glass indusy. Nevertheless, these coatings
cannot meet the stdard of abrasion resistance for automobile plastic windows. As abrasion
resistant coatings for automobile windows, the coating should bl weanparable to inorganic

glasses in abrasion resistance, weathetglaihid optical claty. Organic abrasion resistant
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coatings have consistently failed to meet the requirements of abrasion resistance. By the Taber
abrasion test, a qualified coating should maintain a haze of less than 2% after 1000 cycles of
abrasion using a pair of CS10F wheels and a 500-gram load per wheel. Although ceramic
coatings can offer this level of abrasion resistance, these coatings are often prepared by chemical
vapor deposition (CVD), physical vapor deposition (PVD), surface nitrogenation, etc., which are
not applicable to polymers or require a processing temperature too high for a polymer substrate
to sustain.

The sol-gel process based on hydrolysis and condensation of metal or semi-metal
alkoxides provides a means to prepare thin ceramic films at low temperature. By this approach, a
solution of metal or semi-metal alkoxides is hydrolyzed and condensed in the presence of an acid
or base catalyst. The resulting sol is spread on a given substrate, dried at room temperature, and
further thermally cured into hard ceramic coatings. Since the condensation is accompanied by
release of a large amount of water and alcohol, sol-gel films often crack during the drying and
curing processes. It is rather difficult to prepare crack-free coatings thicker than a few hundred
angstroms, and sintering at a high temperature is often required for these sol-gel coatings to
develop sufficient mechanical properties.

Since the sol-gel process of metal alkoxides is conducted in a solvent, organic materials
can be easily incorporated, and this technology has led to the advent of numerous inorganic-
organic hybrid materials. Due to the flexibility of the organic component, these hybrid materials
can form suitably thick crack-free transparent films. Although the curing temperature is limited
by the decomposition temperature of the organic components, these films can have sufficient
mechanical properties. Using metal alkoxides and organic modified silanes but by different
approaches, Schmidt et4al9 and Wilkes et. at-17 have independently developed inorganic-
organic hybrid coatings that exhibit excellent abrasion resistanc€lisger Ifor details). The
Schmidt method is based on the vulcanization of 3-glycidoxypropyltrimethoxysilane (3-GPTMS)
or 3-methacryloxypropyltrimethoxysilane (3-MPTMS) modified nanometer metal oxide particles
by either ring-opening polymerization of the epoxy groups or the free radical polymerization of

the vinyl groups. The Wilkes method, however, is based on the hydrolysis and condensation of
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triethoxysilylated low molecular weight organic compounds along with metal or semi-alkoxides
like tetramethoxysilane (TMOS).

During the past five years, Wilkes and coworké&fs have investigated a large number
of triethoxysilylated organic compounds, and many of them form good-excellent abrasion
resistant coatings with or without the presence of metal alkoxides. Among them, the earliest
compound was f-DETA, the reaction product of 3-isocyanatopropyltriethoxysilane (3-ICPTES, 3
moles) with diethylenetriamine (DETA, 1 mole) (Fig.11133

Si(OEty

(0] N

Y

(EtO)3Si/\/\|\1J\N/\/N\/\NJ\N/\/\SKOEQ3
Fig. 0.1. Molecular structure of triethoxysilylated diethylenetriamine (f-DETA)

Prior to this work, researches had mainly focused on the influences of the structure of
organic compounds and the type of metal oxides on the abrasion resistance. However, the
fundamental aspects, such as the influences of formulation and processing variables on the
reaction rates, morphology and abrasion resistance, were not addressed in detail. As an extension
of previous attempts to prepare better abrasion resistant coatings, the author continued to explore
new sol-gel systems and processing techniques. However, this work mainly focuses on the
fundamental aspects of the -DETA/TMOS sol-gel system, which represents a wide range of
binary systems containing triethoxysilyl groups and tetraalkoxysilanes. The major objectives are
to improve the abrasion resistance of the f-DETA/TMOS coating system by systematic
modification of the formulation and processing variables and at the same time to study the sol-
gel reactions and gel structure evolution that may be common to other similar binary systems.

Due to the diversity in content, this dissertation is organized into nine chapters, and some
of these chapters are organized in a manuscript ©hapter lprovides fundamental knowledge
of the sol-gel process, inorganic-organic hybrid materials, wear phenomena, and abrasion

resistant coatings. Due to the limited space, only the most relevant area, the sol-gel derived
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abrasion resistant coatings, is comprehensively reviewed. Many other topics are only briefly
discussed based on information from reviews, textbooks, and some original publications. Using
the f-DETA/TMOS system as an examplapter Zystematically describes the preparation of
abrasion resistant coatings and the basic characterization techniques utilized by the author. Major
topics covered in this chapter include trialkoxysilylation reactions, coating formulation, surface
treatment of substrates, spin- and dip-coating, thickness measurement, and abrasion resistance
evaluationChapter 3addresses the influences of formulation and processing variables on the
hardness and abrasion resistance of the f-DETA/TMOS coa@hggter 4escribes the

mechanism of the primer 3-aminopropyltriethoxysilane to enhance the adhesion of sol-gel hybrid
coatings to polycarbonate substratélsapters and6 mainly address the influences of pH and

the equivalent ratio of water to alkoxysilane on the relative condensation reactivity of —$i(OEt)
and Si(OMe) as well as the morphology of the resulting coatidijgpter 7explores a wide

range of trialkoxysilylated compounds based on linkages of siloxane, urea, urethane and epoxy.
In addition to a one-step approach, a two-step approach and a moisture-curing approach are also
introduced. INChapter 8attempts are also made to prepare sphereosilicate containing abrasion

resistant coatings. The dissertation ends with recommendations for further @r&gter 9



CHAPTER 1. INTRODUCTION

1.1. THE SOL-GEL PROCESS

The sol-gel process is a ceramic preparation method based on hydrolysis and condensa-
tion of metal or semi-metal alkoxides, halides, nitrates, and other salts. The method has been
developed and widely used by ceramists to prepare special chemically uniform complex ceramic
powders, coatings and films, foams and monolithic objects, which are difficult to obtain by other
methods. The same hydrolysis and condensation reactions are also utilized to prepare cyclic,
linear and three-dimensional network polysiloxanes. For example, moisture vulcanization of
polysiloxane rubbers is based on the hydrolysis and condensation of silanol/alkoxysilane groups
in the polysiloxane recipe. The sol-gel process is very complicated in both chemical kinetics and
processing. However, after nearly half a century of continuous developments, abundant
knowledge has been accumulated in the sol-gel area and numerous related technologies have
been created for various industrial applications. The sol-gel process has been reviewed in a
number of papers and books. Among th&wmil-Gel Science: Physics and Chemistry of Sol-Gel
Processindg, authored by Brinker and Scherer, is one of the most comprehensive and influential
works. Since it is not only unnecessary but also impossible to cover the entire sol-gel area, this
chapter will only provide some fundamental knowledge that will help the reader to understand
the structures and properties of the inorganic-organic hybrid materials discussed in this

dissertation.

1.1.1.Sol-Gel Reactions

The sol-gel process involves hydrolysis of a metal or semi-metal salt and condensation of

the resulting hydrolysates. Considering silanes are the critical components for the abrasion
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resistant coatings developed in this work, the discussion will focus on sol-gel reactions of
tetraalkoxysilanes. Other metal salt systems undergo similar reactions, but may exhibit
completely different chemical kinetics. For example, when a metal alkoxide co-hydrolyzes with
an alkoxysilane, the metal alkoxide is often much more reactive than the alkoxysilane. To
prevent early precipitation of metal oxide, the metal alkoxide is sometimes partially deactivated
by reacting with acetylacetone or other related chelating reagents.

The sol-gel process of alkoxysilanes, for example, tetramethoxysilane (TMOS) and
tetraethoxysilane (TEOS), begins with the hydrolysis of silicon alkoxide, which gives silanols

and alcohol according to Rxn 1.1

=Si(OR) + H,0 - =SiOSi= + ROH Rxn. 1.1
2 =Si(OH) - =SiOSi= + H,0 Rxn. 1.2
=Si(OH) + (RO)Si= - =SiOSi= + ROH Rxn. 1.3
=SiOSi= + H,0 - 2 =SiOH Rxn. 1.4
=SiOSi= + ROH - =SiOH + =Si(OR) Rxn. 1.5
=Si(OR") + R°OH - =Si(OR®) + R'OH Rxn. 1.6
=Si(OH) + OH - =Si0 + H,O Rxn. 1.7

The generated silanols immediately begin to self-condense to form siloxanes and the by-product
water and this reaction is referred tovester-forming condensatiaiiRxn 1.2). The term

oxolationis used for similar reactions in metal alkoxide systérhge silanols also react with
alkoxysilanes to give siloxanes and alcohol and this reaction is referredltmlasl-forming
condensatiorfRxn 1.3) Similar reactions in metal systems are terrmakedxolation The reverse
reactions of the hydrolysis, water-forming condensation, and alcohol-forming condensation are
called ¢e)esterification(Rxn 1.4)hydrolysis of siloxane@kxn 1.5) andalcoholysis of siloxanes

(Rxn 1.6), respectively. If the sol-gel process is conducted in an alcoholic medium, the exchange
of alcohol between the alkoxysilane and the solvent is also important and this exchange reaction
is usually termedransesterificationFinally, silanols, as Bronsted acids, can react with bases to
produce silanolates (Rxn 1.7). For example, tetrahydroxysilane or orthosilicic acid reacts with

sodium hydroxide to form sodium silicates. The hydrolysis and condensation reactions are the
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most important reactions in the sol-gel process. Other reactions also influence the kinetics of the
sol-gel process and their relative importance depends on the concentration of the reactants, pH,
temperature and pressure.

Alkoxysilane molecules involved in a sol-gel process can include one to four alkoxy
substituents, these alkoxysilane groups undergo gradual hydrolysis and condensation, thus
leading to many monomeric or polymeric molecules. The structure of these molecules can be
mainly defined by the substituents of the silicon atoms and the siloxane network linking these
silicon atoms. During the sol-gel process, common substituents for a silicon atom include alkyl
(R), alkoxy (OR), hydroxy (OH), and silyloxy (-G%iSi-O-Si oxo bridge bond) groups. In
silicone chemistry, the letters M, D, T and Q are widely used to symbolize silicon atoms carrying
three to zero alkyl substituents, respectively. Silicon species with different numbers of alkyl and
silyloxy substituents can be easily distinguished by both solution and solid*Sia¥#VR
spectroscopy. Hydroxy and alkoxy substituents cause smaller changes to the chemical shift of the
central silicon atom, so silanols and alkoxysilanes similar in structure can only be distinguished
by high resolution solution FT-NMR spectroscopy. The number of silyloxy substituents reflects
the way the silicon atom is linked to the rest of the molecule, while other groups are just
“dangling” groups, which are structurally less important. Therefore, the average number of
silyloxy substituents can reflect the extent of condensation for silicon species (M, D, T, or Q) in
the system. I6°Si NMR spectroscopy, silicon species wdifferent numbers of alkyl and
silyloxy substituentare specified by the Eggelhardt notatfrin this notation, the number (0-4)
of silyloxy substituents is indicated by a superscript to the right side of the symbol (e.g. T or Q)
for the silicon atom. For example? @presents any silicon atoms that have a formula
Si(OR)(OH),(OSE), (x+y+z=4). The Eggelhardt notation can be conveniently used to describe
the backbone of a siloxane molecule. However, when dealing with the kinetics of sol-gel
reactions, where the influence of alkoxy and hydroxy groups is important, the numbers of these
groups are also specifigdPL In this dissertation, the notation(Q y) and T(x, y) are
designated for silicon species that have a general formula S{@HRY)(OSE), (x+y+z=4) and

RSi(OR)(OH),(OSE), (x+y+z=3). For example, the symbol§(@ 0), @(0, 4) and &0, 0)
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represent tetraalkoxysilane, orthosilicic acid armbmpletely condensed @spectively.
Similarly, T°(3, 0), (0, 3) and (0, 0) represent alkyltrialkoxysilane, alkylsilantriol, aand
completely condensed fespectively.

Using the &(x, y) notation, the sol-gel process of a tetraalkoxysilane can be illustrated in
Fig. 1.1. In this figure, moving horizontally from the left to the right corresponds to the
hydrolysis of the left alkoxysilane, and moving diagonally from left top to the right bottom
corresponds to the alcohol-forming condensation of the upper left alkoxysilane. However,
moving vertically from the top to the bottom can correspond to either the water-forming
condensation of the upper silanol or the alcohol-forming condensation of the upper silanol. The
ultimate condensation product should be quartz, which cont&{fs @ exclusively, However,
normal sol-gel processes of tetraalkoxysilanes are far from complete, and the final products often
include a distribution of these fifteerf(®, y) species. The sol-gel process of alkyltrialkoxy-

silanes (T) can be similarly illustrated using the t&x,Ty) species.

Hydrolysis
QP4,0Q °31HQ °222Q °13)Q 90,4
o=
Q30 Q '21)Q '1,22Q %03 233
23 4
ohor, Q*R0Q 2L1)Q 202 |£&§
1t Q%10 Q *0,1) 8 9
Q*(0,0)
Si(OR),(OH),(OSIR"), (xty+z=4) = Q*(x, y)
R =alkyl groups
R'  =any alkoxy, hydroxy or silyloxy group
Hydrolysis

Q'(2, 1) + H,0 - Q'(1, 2) + ROH
2Q'(2,1) - 2Q42,0) + H,0
Q'(3,0) + Q%(0,2) — Q%(2,0) + Q%(0, 1) + ROH

Water-forming condensation

Alcohol-forming condensation

Fig. 1.1. Silicon derivatives formed during the sol-gel process of a tetraalkxoysilane.
Modified according to the literature20-22
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1.1.2.Mechanisms of Sol-Gel Reactions

The sol-gel process can be promoted by acids, bases, and some metal salts. Acids and
bases are commonly used as catalysts in sol-gel processes, while metal salt catalysts, such as
dibutyltin dioctate and titanium (IV) salts, are frequently used for room temperature moisture
vulcanization of silanol terminated polysiloxaf®esSilanol condensation can also be promoted
thermally and this is the basis for thermal curing of sol-gel derived materials.

Sol-gel reactions, including hydrolysis, condensation, transesterification and
reesterification, are essentially nucleophilic replacement of one or more substituents at the
central metal or semi-metal atom by nucleophiles such as water (hydroxide ions), alcohols
(alkoxide ions), silanols (silanolate ions) and alkoxysilanes. Due to the similarities, the
nucleophilic replacement mechanisms of the corresponding carbon compounds were
immediately utilized to explain some experimental facts found in sol-gel reactions. The
nucleophilic replacement of a carbon compound can often be explained by a mechanism between
two limiting case®?, the §1 mechanism and the, & mechanism. By the\® mechanism, the
substrate first dissociates into a carbocation intermedidje(R a leaving group in a rate-
determining step, then in a second step, the carbocation quickly combines with the nucleophile.
The overall reaction is only first-order with regard to the substrate. However, in2he S
mechanism, the attack of the nucleophile and elimination of the leaving group occurs concertedly
in a rate-determining step through a triangular bipyramid transition state (TS). The overall
reaction is first-order with regard to the substrate and nucleophile. In most cases, the addition of
the nucleophile and elimination of the nucleophile are neither sequential nor synchronous, i.e.,
the substrate has partially dissociated before the addition of the nucleophile. The extent of
dissociation is dependent on the polarity and dielectric constant of the solvent, and the overall
reaction maintains first order with regard to the substrate and nucleophile.

For the sol-gel process of metal or semi-metal alkoxides, however, the empty d-orbitals
of the central metal or semi-metal atom can also participate in chemical bonding, and hence
enable an expansion of the coordinate number from four to five or six. Therefore, the addition of

a nucleophile often results in a metastable penta- or hexa-coordinate silicon intermediate, which
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decomposes subsequently to the final products. Aluminum alkoxides are an exception because
the aluminum atom forms only three covalent bonds with alkoxy groups, and hence it can accept
a nucleophile by expanding its coordination number from three to four using its empty p-orbital.
The presence of such a metastable intermediate not only increases the reaction rate by reducing
the activation energy, but also changes the nucleophilic displacement mechanism to a
nucleophilic addition/elimination mechanism (referred to g&"Sor Sy2* in reference8). The

overall reaction rate is also first-order with respect to the substrate and nucleophile by the
addition/ elimination mechanism.

Most transition metal ions often can form stable penta- or hexa-coordinate compounds by
hybridizing their (n-1)d orbitals with thersandnp orbitals. The silicon atom, however, must
use its3d-orbitals to hybridize with it8sand3p orbitals to promote such a high coordination
number. Since this hybridization is energetically less favorable, silicon typically forms tetra-
coordinate compounds. Penta- or hexa-coordinate silicon compounds can only be found in
fluorosilicates (i.e. KSiFs) and ring-strained compounds. However, the involvemeBttof
orbitals in sol-gel reactions has been supported by the fact that silicon halides and alkoxides
hydrolyze much faster than the corresponding carbon compounds. The especially strong catalytic
effect of fluorides for sol-gel reactions of tetraalkoxysil@Aé8is also ascribed to the
involvement of a penta- or hexa-coordinate silicon intermediate.

Both the {2-type mechanism (either concerted or non-concerted) and the addition/
elimination mechanism can explain most experimental facts. It is difficult to tell which is the real
mechanism unless the intermediates (penta- or hexa-coordinate silicon) are confirmed or
captured. No well-documented examples of unimolecular reactions have been reported to support
any kind of {1 mechanism (siliconium intermediate), although this possibility cannot be
completely exclude®. Generally, the acid catalyzed reactions are more likely to occur{& a S
mechanism; while the base catalyzed reactions are more likely to occur by an addition
/elimination mechanisnSections 1.1.2.and1.1.2.9.

Both the nucleophilic substitution mechanisms (includigyy &d {2) or the
nucleophilic addition/elimination mechanisms have been historically used to explain acid- or

base-catalyzed sol-gel reactions including hydrolysis, condensation, reesterification and
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transesterification. These mechanisms have been reviewed comprehensively by Brinker and

Scherer in Chapter $ol-Gel Sciendé. The following discussion is only limited to well-

accepted mechanisms for the hydrolysis and condensation of alkoxysilane.

1.1.2.1.Hydrolysis

A few in depth kinetic studies have been conducted for acid/base catalyzed hydrolysis of

alkoxysilane35-32 Listed below are some experimental facts about the rate laws,

stereochemistry, steric effects, inductive effects, and solvent effects for these reactions.

1)

2)

3)

4)

5)

Rate laws acid catalyzed hydrolysis usually shows third-order reaction kinetics (first order
in the silane, water, and acid catal§&®y, while the base catalyzed hydrolysis is only first
order in the silane and the ba&e8

Stereochemistry in many cases, the hydrolysis is accompanied by inversion of the silicon
configuration, especially silanes with good leaving groups like —X (halide) and -8COR
However, configuration retention has also been observed in sterically hindered systems or
systems involving poor leaving groups such as -OR and2&H

Steric effects Both acid- and base-catalyzed hydrolyses can be hindered by bulky
substituents of the silafie

Inductive effects: inductive effects are usually less important than steric effects. However,
they are quite manifest for organic modified silangSiOR)32. By acid catalysis, the
hydrolysis rate of fGi(OR),.« increases significantly as the number of alkyl substituents (x)
increases; however, the opposite tendency holds for based catalyzed hydrolysis.

Solvent effects acid-catalyzed hydrolysis has no obvious solvent effects, but relatively large
solvent effects are observed in base-catalyzed hydrolysis. In base-catalyzed hydrolysis of
TEQOS, the hydrolysis rate in dioxane is much slower than the rate in ethanol, which in turn is

slower than in methan®l

The acid-catalyzed hydrolysis is believed to occur througi2as8bstitutiods. By this

mechanism, the alkoxysilane is first protonated by the acid in a quick near equilibrium reaction.

The water molecule attacks the protonated silane from the rear of the protonated alkoxy group,
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and forms a triagular bpyramid TS(Fig. 1.9. In the TS, both the wer andprotonated alclol
molecules ocaoy the xial positions while the other three groupkadhe equatial positions.

The water molecule acquires a partial positive charge from the predoal&oxide. The TS
decomposes subsequently to a protonated silanol by eliminating an alcohol molecule, and the
process is accompanied by inversion of the silicon tetrahedron. The protonated silanol later
transfers theroton to water, alkoysilanes, alcohols, orlegr silanols. The ta-ddermining sep

in this mechanism is the attack of thet@ranolecule at the protonated allsikane. Based on

this mechanism, the overall reaction is first-order with regard to the concentrations of acid, water

and silane, rgectivdy.

RO, fast RO, . H
H" + RO-S-OR <——= RO-S-0O
RO’ RO R
.
RO\ +/R gOW H\ RC)‘ QR /R
HO + RO-S-0 310~ Si----Or
RO H H Oor H
+
H\ RO‘ __OR /R fag H\ + /OR
54/-0--5-4_Sli----0\6+ — ,0-Si—OR + ROH
H OR H H OR
H , OR fagt OR
~O—Si—-OR ~——=  HO-Si-OR + H'
H OR OR

Fig. 1.2. The {2-type reaction mechanis for acid-catalyzed hydrolysis. Modified
according toPohl et al 28

According to this mechanism, the acid-¢ytad hydrdysis should have aight negative
inductive effect due to the partial positive charge in the transition Btatéher words, electron-
donating groupsugh as atyl groups arexpected to increase tigdraysis rde. The major
function of the acid is to protonate the aliggroup and make it a good leaving group, so strong
Lewis acids ray also be good acid cdyats according to this mechanism. Bulk substituents can

apparerly prevent the ndeophile from approachgthe central silicon atom, thus redugiie
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hydraysis rde. The rate law, stesehemisty, inductive effects and solvents effects derived from
this mechanism can succeshfudxplain the @perimental facts stated earlier in this section.

The retention of the silicon cagtiration in some cases has been explabyeal
nucleophilic addition/elimination mechanism that involves the flank-side attack of the water
molecule to a neutral alkgsilané3. In this mechanism, the water molecule occupies an axial
position in thentermediate and later transfersgoton to the leavig alkaxy group hat takes up
an equatorial bond (bonds in the triangular plane), leading to a retention of the silicon

configuration.

kq
‘ (‘)H ) l
_ 5+ +OR
HO™ + S(OR), RO—|S'\ :
dow ast
OROR
A T, |
K
ko
OH -
OH ‘
_I .OR fast 5l .OR fast )
RO— |S\ — RO_?\’OR —> S(ORO0H + RO
or°R OR &
| T2
fast
RO™ + HZO —— ROH + HO™

Fig. 1.3. The two transition statemechanisn for the base-catalyzed hydrolysis. Modified
according toPohl et al28

The base calgzedhydrdysis has beenxglainedby both the §2 mechanisit and the
nucleophilic addition/elimination mechanidfnHowever, the latter mechanism is more Wyde
accepted. Accordmto this mechanisnHg. 1.3, thehydroxide ion from the base attacks the
silane throgh a first TS to form a penta-coordinate silicon metastable intermediate. The
intermediate decomposes subsedglyahtrough a second TS to a silanol and an alkoxide ion,

which later acquires a proton from water and regeneratégydnexide ion. Since the war
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concentration is far greater than the base concentration, the hydrolysis rate is only first order in
the silane and the hydroxide ion according to the steady state approximation.

In this mechanism, the central silicon atom in both TSs and intermediate possesses a
negative charge, so a strong positive inductive effect is expected, i.e. electron-withdrawing
substituents are expected to increase the hydrolysis rate. In addition, the promotion of hydrolysis
rate by polar solvents should also be observed if this mechanism is correct. The rate law,
inductive effects, and solvent effects suggested by this mechanism are in accord with the

experimental results mentioned earlier for the base catalyzed hydrolysis.

1.1.2.2.Condensation

The condensation of alkoxysilanes includes two parallel reactions: the water-forming
condensation and alcohol-forming condensation. Both can be catalyzed by acids, bases, and
some metal salts. Dibutyl dioctate and TAZOR catalysts (DuPont) based on titanium salts are
effective catalysts for room temperature moisture vulcanization of silanol/ alkoxysilane
containing polysiloxané§, but they are rarely used in the sol-gel process.

The condensation of silanols/ alkoxysilanes has not been well studied because the
reaction is much more complicated than the hydrolysis of alkoxysilanes. Only a few stable
silanols, such as diphenylsilanediol, 3-aminopropylsilanetriol, are thermally stable at room
temperature and may be used as starting materials for such studies. Most kinetic studies had to be
based on the collective behaviors (e.g. the gelation time, viscosity) observed during sol-gel
reactions of alkoxysilanes. The following are a few experimental facts about the rate law,
inductive effect, and steric effects about some acid/base catalyzed condensation of
silanols/alkoxysilanes:

1) Rate laws Pohl and Osterholt8 have studied the dimerization of several alkylsilanetriols.
They found that in acid catalysis, the dimerization rate was proportional to the proton
concentration and the silanetriol concentration squared, while in base catalysis, it was
proportional to the base concentration and the silane concentration squared.

2) Inductive effects the inductive effect in condensation is similar to that of hydrolysis. By

acid catalysis, ethylsilanetriol condenses faster than orthosilicic acfd$nMMR study of
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a mixture of ethyltriethoxysilane and TE&SIt has been also found that pH at which the
condensation occurred at a minimal rate increased in the order of RS{®&Hi(OH), <
R3SiOH28, These experimental results suggest that electron-donating substituents can
increase the reactivity of silane in an acid catalyzed condensation, but decrease that in a base
catalyzed condensation.

3) Steric effects the condensation also exhibits an obvious steric effect. Voronkov et al have
found that the condensation rate of triorganosilanols decreases as both the length /branch of
the chain of the alkyl substituents and the number of aromatic substituent iffcrease
Although inductive effects are clearly important, Voronkov et al also stated that in the acid-
catlayzed condensation of dialkylsilanediol, steric effects predominated over inductive
effect$. This conclusion was further extended to that the inductive effects resulting from
longer-chain alkyl substituents were unimportant for functional silanes that carry the same

number of alkyl groups.

Various reaction mechanisms have been proposed to explain these experimental data. The
Sv2 mechanism has been frequently used to explain the acid-catalyzed cond&h&atitins
mechanism, the condensation begins with the rapid protonation of silanol groups (vs
alkoxysilane groups in hydrolysis). Then another silanol molecule attacks the protonated silanol
to form a triangular bipyramid silicon TS, which subsequently releases a water molecule and
forms a siloxane bond. If the attacking silanol group is replaced by an alkoxysilane group, then
the reaction becomes an alcohol-forming condensation. However, due to the increased steric
hindrance (-R vs -H), this reaction is expected to be more difficult.

Figure 1.4shows the @-type mechanism for the acid catalyzed dimerization of
silanetriol. In the TS, the silicon atom possesses a partial positive charge, and hence electron-
donating substituents should increase the condensation rate. Assuming the reaction of a silanol
with the protonated silanol {kis the rate-determining step, the condensation rate law can be
derived as:

-d[silanetriol]/dt = kki/k_1[silanetriolF[H"] Egn. 1.1
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) + k1
RSiOHy + H' ——=  R—Si(OH)
k1 IO+\
fast H~ H [
/"_\.?H y |OH ||-| |OH
. ot O+ ot fast
R—|SI(OH)2 + RSi(OH), "0---Gje--O—S—R | ——>
slow H 7/ | -H,0
H/O+\H R OH  OH
TS

lOH H lOH OH OH
R—S—0—S—R —» R—S—0—S—R + H
Lo+ fast
OH  OH OH OH

Fig. 1.4. The one transition state mechanism for the acid-catalyzed condensation for
silanetriol. Modified according to Pohl et al28

The base-catalyzed condensation probably proceeds via a nucleophilic addition
/elimination mechanism. By this mechanism, the reaction begins with the deprotonation of
silanol. Then the resulting silanolate ion reacts with a neutral silanol by forming a negatively
charged penta- or hexa-coordianted intermedfidfe which decomposes subsequently to
siloxane and regenerates the hydroxide ions, leading to a water-forming condensation. The hexa-
coordinate silicon intermediate has also been proposed to explain the large negative activation
volume for the base catalyzed condensation obtained from the dependence of condensation rate
on pressurs.

Figure 1.5shows the addition/elimination mechanism proposed by Swain et al. using the
base-catalyzed condensation of silanetriol as an exainplee reaction rate derived from this
mechanism is first order to the base but second order to the #laftet mechanism can
accommodate the alcohol-forming condensation by allowing the silanolate ion to attack neutral
alkoxysilane. Because of the full negative charge in the TSs and intermediate, the reaction is
expected to exhibit strong positive inductive effects, so electron-donating substituents should

strongly promote the rate of the base-catalyzed condensation.
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Fig. 1.5. The two transition state mechanism for the base-catalyzed condensation of
silanetriol. Modified according to Swain et al39

In both acid and base catalyses, the rate of alcohol-forming condensation is proportional
to the concentration of silanol, alkoxysilane, and the catalyst concentration (third-order overall
kinetics). Equation 1.2 provides the rate law for the acid catalyzed condensation, which consists
of the contribution of water-forming condensation and alcohol-forming condensation.

d[(SiO)Si]/dt = k[SIOH]{H™] + ke{SIOH][SIOR][H"]  Eqn. 1.2
kew is the rate constant of the water-forming condensatigis ke rate constant of the alcohol-
forming condensation. The rate law for base-catalysis condensation can be obtained by
substituting [OH for [H"]. Since the silanol concentration increases with the water
concentration in a sol-gel process, it is expected that the water-forming condensation
predominates in a water-abundant condition, while in a water-deficient condition, the alcohol-
forming condensation prevails.

The electron-withdrawing ability of major substituents in a sol-gel process increases in
the order OR < OH < O$#2. If the inductive effect is the primary factor governing the sol-gel
process, silanols or alkoxysilanes with more silyloxy substituents fi.er @) should be more

easy to deprotonate but more difficult to protonate. On the other hand, for silanols or
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alkoxysilanes having less silyloxy groups, the oxygen atoms should be more nucleophilic, while
the central silicon atoms should be less electrophilic. Consequently, condensation between
silanols or alkoxysilanes with less silyloxy substituents (i%Q€) prevails in acid catalysis,

while in base catalysis, the most favorable condensation should be between silanols or
alkoxysilanes with more silyloxy substituents (i.€:Q).

However, except for the inductive effect, sol-gel reactions are also subject to the
influences of steric hindrance. The steric hindrance of the substituent increases in the order OH <
OR << OSk§, so the reactivity of Si-OH/Si-OR is expected to decrease with the increase of the
number of silyloxy groups of the silicon central atom. Hence, the monomeric species (without
any silyloxy group) should be more reactive than the polymeric species if only the steric effect is
considered. In acid catalysis, the steric effect is in accord with the inductive effect, so the most
favorable condensation occurs between monomeric species. For this reason, during the sol-gel
process of tetraalkoxysilane, the system quickly consumes its monomeric species and the later
condensation occurs mainly between the clusters (cluster-cluster reaction). In basic catalysis,
however, the steric effect counteracts the inductive effect. Although silanols with more silyloxy
substituents are more sterically hindered, they are easier to deprotonate to silanolate active
species, which is indispensable for base catalyzed condensation. Therefore, the most favorable
condensation in base catalysis, in reality, is often between the least sterically hindered
monomeric species and the sterically more hindered, but more abundant, silanolate species
(monomer-cluster reaction).

Reactions between neighboring groups, which lead to closed-loop condensations, are also
very important in the sol-gel process. Under similar conditions, neighboring silanol/alkoxysilane
groups in the same molecule or cluster often have more chances to collide with each other,
hence, they often react faster than groups from two different molecules or clusters.

The pH of the medium is the critical factor that determines whether the reaction occurs
by acid-catalysis or base-catalysis. The acid catalyzed sol-gel reactions of TMOS have been
studied by Assink et al. ByH and®°Si NMR21.22.43 |n an acidic solution (1.64.0° M HCI), the
hydrolysis was, as expected, much faster than related condensation reactions. The rate constants

for hydrolysis, water-forming condensation and alcohol-forming condensation were ca. 0.2,
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0.006 and 0.001 moiin™, respectively. Similar studies have also been carried out by Pouxviel
for TEOSH. The hydrolysis and condensations of this compound were significantly lower than
those of TMOS because of the steric hindrance of the relatively large ethoxy groups.

Assuming equal reactivities of silanol groups and alkoxysilane groups, Assink et al. have
simulated the early sol-gel process of TM@S he calculated results based on the rate constants
mentioned above were compared witBi NMR result80. The hydrolysis and condensation
reactions of monomeric species were in accord with the prediction. However, the concentrations
of Q' were underestimated while the concentrations“ofl€e overestimated. The
disagreements between the modeling and the experimental data indicated that steric effects,
inductive effects and cage effects have significant influences over the reactivity of functional
groups. Therefore, the equal reactivity assumption, which is rather successful in organic

polymerization, does not hold true in the sol-gel process.

1.1.2.3.Alkoxysilane/Silanol Condensations by Metal Salt Catalysts

Inorganic or organic metal salts such as dibutyl dioctate and titanium tetrabutoxide have
been applied to promote silanol condensation. These catalysts have been widely used to
vulcanize one-part or two-part polysiloxane prodékctSilanols in these recipes are either from
silanol terminated polysiloxanes or from the hydrolysis products formed by reaction of the
alkoxysilane in the system with moisture in air.

During the reaction, the metal salt catalyst reacts with silanol to form M-O-Si bonds
(M=metal), which constitute the catalytic center of silanol condensation. A few mechanisms and
active species have been proposed to explain the catalytic effect of dibutyltin dioctate for
silanol/alkoxysilane condensation. These mechanisms involve complexes containing Sn-O-Si
reactive bond®. The condensation occurs as free silanol groups attack the silicon atom of the
reactive species by replacing the tin complex (Van der ¥Weij)one of the alkoxy substituents
(Severnyi et al4f. According to Severnyi et al. and Van der Weij, the role of atmospheric
moisture is to modify the tin carboxylate and convert it into an active tin hydroxide that can react

with the alkoxysilane to produce an organotin silanolate.
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R,SN(OCOR) + HO —» R,Sn(OCOR)OH + R'COOH

R.Sn(OCOR')OH + Si(OR) ——> (RO)Z—Sli—OR + ROH

R\ O
s
R OCOR'

Fig. 1.6. The activation of organotin dicarboxylate in moisture vulcanization

Titanium catalysts are frequently used to formulate one-part silicone resins using hydroxy
terminated polydimethylsiloxane. It is well known that titanium alkoxides can be decomposed by
almost any compound containing active hydrogen, such as water and alcohol. Although it is not
clear what is the active form of the catalyst and which is the critical step, the mechanism of
moisture vulcanization has been proposed to be as fé@kows

=TiOR + H,O -~ =TiOH + ROH

=TiOH + =SiOMe - =TiOSiEe + MeOH
=TiOSi= + =SiOH - =SiOSE + =TiOH
=TiOSiE + O - =SiOH + =TIiOH

Fig. 1.7. The mechanism of silanol/alkoxysilane condensation in the presence of titanium
catalyst.

In this dissertation, titanium butoxide is used as the catalyst for moisture cured one-part
sol-gel coatings that include organic modified silanes and pre-hydrolyzed TMOS. Except for the
two metal salts mentioned above, metal oxide colloids such as alumina and zirconia also showed

some catalytic effects on silanol/alkoxysilane condensationdsepter 7.

1.1.3.Relevant Concepts of Fractal Analysis and Their Application in the Sol-Gel Process

The structures of clusters or particles generated by the sol-gel process are typically highly

irregular or disordered. These clusters and particles can often be described mathematically as



Chapter 1 21

fractals,which are characterized by self-similarity (more accurately defined by both dilation
invariance and translation variante)The self-similarity means the invariance of the structure
(including statistically invariance of structure) under different levels of resolution, i.e. similar
structure features, are exhibited under different magnifications.

The fractal concept can be explained using a lattice representation. Suppose 3-
dimensional space is divided equidistantly along the x, y, z axes, an object can be divided into
mass sites (occupied sites), surface sites (occupied sites with adjacent empty sites) and pore sites
(empty sites in the convex hull of the occupied stte@he numbers of the three types of sites
(Mmass Msurt, OF Mpord Within a radius R from a fixed site of each type scales with R according to
the following equations.

M, . (R) O RO Eqn. 1.3

M, (R) O RO Eqn. 1.4
Dpore

M oe(R) O R Eqn. 1.5

where Dhass Dsurt @and Dyore are fractal dimensions for the related mass fractal, surface fractal and
pore fractal. If mass and surface scale alike, the object is catledafracta(Dsy=Dmasd; if

the pore space and surface scale alikg&Dsur), it is calleda pore fractaj if only the surface

is fractal (i.e. Rore=Dsui=3), the system is calledsairface fractal or aboundary fractal Note a

pore fractal can be viewed as a reverse mass fractal. If the occupied sites and unoccupied sites
are interchanged, the pore fractal becomes a mass fractal. Physically, the fractal dimension D
reflects a material’s space filling or space expanding ability.

Small angle scattering of x-rays, neutrons and light are the most important experimental
techniques for measuring the fractal dimension of fractal objects such as macromolecular
clusters. These experiments measure the dependence of the scattered radiation i@jesity I(
the radial scattering angl8)( The scattering profiles are often recorded as the scattering

intensity or the Rayleigh factor as a function of the scattering vector (s) defined as:

2 . 0
S=—sin(= Egn. 1.6
> (2) q
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whereA is the wavelength of the incident radiation in the medium gasdhe radial scattering
angle. s correlates to a length scale (d) in real space according to d = 1/s.

The scattering intensity of a mass fractal and a surface fractal corresponds to the Fourier
transformation of the structure of fractal objects squared. The scattering intensities of an ideal
mass fractal and an ideal surface fractal show a power-law dependence on the scattering vector,

s, according to the following equatidfis

(s)0 g Pmess Eqn. 1.7

I mass
| o (5) O s ¢ Psr) Eqn. 1.8

However, a real object is only a fractal over a particular length scale. The inner cutoff of
material fractals (dn) is ultimately limited by the interatomic distancéy (vhile the outer
cutoff (dnay is limited by the size of the object (often described by the radius of gyrajioRdR
a real fractal object, the scaling laws indicated by Eqns. 1.7 and 1.8 only hold true wittir d
S < gnin L. Several levels of scaling behavior may also exist over various length scales in an
object.

The SAXS profile for uncorrelated systems (e.g. dilute systems containing randomly
dispersed macromolecules) is illustratedFy. 1.8 According to Schaefer and Keéferthe
profile can be divided into the Limiting, the Guinier, the Porod, and the Bragg regions depending
on the radius of gyration of the clusterg)(Bnd the average interatomic /interchain distaage (

The intensity of scattered waves in the Limiting region (s>5Reflects the
concentration and weight average molecular weight of the clusters. The Guinier region (sR
<1/10) lies in the low scattering angle region, within which the intensity of scattering I(s) varies
exponentially with s according to the Guinier’s law:

I(s) ~ Exp(-4CS’RS/3). Eqn. 1.9
If Egn. 1.9 is applicable, the radius of gyration can be calculated from the slope of the

scattering profile plotted as logl(s) Vsis the Guinier region.
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Limit .Guinier ‘ Porod Bragg

Log I(s)

Log s

Fig. 1.8. A schematic Log I(s) vs Log s profile for small angle x-ray scattering for a dilute
macromolecular solutiorf®.

At higher scattering angles whewe-4 is the Bragg region. In amorphous systems,
diffuse peaks may be observed for each correlating interatomic or interchain digjandel¢
in systems containing crystalline materials, sharp peaks may be observed for different lattice
inter-planar distances. This is the region studied by wide angle x-ray diffraction.

Between the Guinier and the Bragg regiongs'l(Rs <al) is the power low region,
where the scattering intensity decays exponentially as s increases (scaling region), i.E. I(s) ~ s
Where P is a negative constant independent@fida, but reflects the fractal dimensions of the
objects b§o:

P = Duurf- 2 Dinass Eqgn. 1.10

By plotting In(I(s)) as a function of In(s) (Porod plot), the constant P can be readily obtained as
the slope of the linear regionRsis the mass fractal dimensiongM@nass< 3), and Ryt is the
surface fractal dimension €D, < 3). For uniform three-dimensional objects, which have
sharp interfaces with their surrounding mediumda= 3, Dsys= 2 and P reduces to —4 (Porod's
law). For mass fractal, fasss Dsur, @nd P = -, SO the mass fractal dimension can be directly
obtained from the slope (8P < 0). For surface fractal objectsy,Rs= 3 and P = Q- 6, so the

Porod slope for surface fractal objects is greater than —4 but less tharx-B<-8). Table 1.1
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shows mass fractal dimensions of various objects. In some literature, the Porod region only
stands for the region where Porod's law applies (P=-4), while other regions are referred to as the

power law regions.

Table 1.1. Porod slopes for various structures according to Schaefer and Keéefer

Objects Porod Slope Fractal Type
Linear ideal polymer (random walk/Gaussian chain) -2

Linear swollen polymer (self-avoiding walk) -5/3

Randomly branched polymer -16/7

Swollen branched polymer -2 Mass:F_rSctaI Slope
Diffusion-limited aggregate -2.5 e
Multiparticle diffusion-limited aggregate -1.8

Percolation (single cluster) -2.5

Fractal rough surface -3to 4 Surface Fractal
Smooth surface -4 Slope = Q- 6

The above results are only for pinhole collimated irradiation. For slit-collimated

irradiation, the Porod slope after considering the smearing effect of the slit [eBads to
Psiit = Poinhotle + 1 Eqn. 1.11.

Inorganic-organic hybrid materials may display multiple levels of structural features on
length scales ranging from angstroms to millimeters. However, instruments based on a single
type of radiation source only have a limited detection range. For example, SAXS typically only
shows structural features in the range of several angstroms to several hundred angstroms.
Fortunately, the problem can be solved by combining absolute intensity measurements from
small-angle light scattering (SALS), ultra-low angle x-ray scattering and conventional SAXS or
small angle neutron scattering (SAR%)

For correlated systems of interacting scattering clusters or particles, the scattering
intensity reflects both the geometry and the packing or distribution of the dispersed substance.
For N randomly oriented and centrosymmetric clusters or particles, the scattered intensity can be

expressed as:
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[(s) ~ N[P(s) (5(s) Eqgn. 1.12
where P(s) is the form factor of the particle which contains information on size, shape, and
internal structure. S(s) is the structure factor reflecting the packing order of the clusters (e.g.
correlation distancé,) in the assembly. For uncorrelated systems, S(s)=1, and I(s) simply
describes isolated clusters.

The separation of these two contributions is an extremely difficult task and has seldom
been solved completely. The problem can be illustrated using the resulting scattering curve and
the form and structure factors related to an interacting micelle system (Fig. 1.9). In this system,
the Guinier range disappears from the intensity curve. The correlation peak is still visible but is
displaced with respect to its position in S(s) at &=Lhereforeijt is not possible to derive these
characteristic distances directly from the scattering intensity. plotvever, since S(s) gradually
approaches 1 at high s, it is still possible to calculate the fractal dimension from the slope of a
Porod intensity plot. In this work, the correlation distance between clusters or particles is

approximately given as the reciprocal of the s value corresponding to the maximum intensity of a
peak in the SAXS profile.
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Fig. 1.9. The experimental scattering curve I(s) resulting from the product of the form
factor P(s) and the structure factor S(s) for a system of interacting charged micelfés
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1.1.4.Gelation

Due to continuous condensation, a silicic acid solution, obtained by sol-gel reactions of
tetraalkoxysilane or the acidification of soluble metal silicates, often slowly thickens (increases
in viscosity) and finally forms a gel externally like organic gels. At the gelation point, there are
usually sudden changes in many physical properties, for example, viscosity and the storage
modulus. The time of gelation,f is sometimes defined as the time corresponding to an infinite
steady state viscosity. Practically, 4. is defined as the time when the viscosity reaches a
certain large value or when the gel becomes so rigid that the probe (e. g. rotating spindle) tears
the gel in a rheology test. The reciprocal of the gelation time is frequently used to describe the
condensation rate for tetraalkoxysilanes in a sol-gel process. In principle, the overall
condensation rate can be described by the statistical average of all condensation reaction rates;
however, this quantity cannot be easily measured. The dependence of gelation time on
temperatured.56 generally complies with the well-known Arrhenius equation:

E

1
Log(—)=A - — Eqn. 1.13
g(tgel) RT q

where §e is gelation time, R is the ideal gas constant, A is the pre-exponential constant, T is
absolute temperature, and E is the superficial activation energy. The activation energy depends
on the catalyst and alkoxy group, and its typical value is around 10-20 KcalAnol

With other factors being fixed, a decrease in the size of the alkoxy §fé8generally
decreasegd. Similarly, an increase in the equivalent ratio of water to alkoxijd@§%and
concentration of alkoxid&.61also decreasegt Of course, a change in the concentration of one
component may also be accompanied by relatively large changes in concentrations of other
components. For example, while fixing the solvent to silicate rggianitially decreases as
increases. However, afteipasses a critical value, the dilution of the system caused by the
addition of water begins to reduce the hydrolysis and condensation rates, thus increasing the
gelation timé=2.

Gelation corresponds to the transition of finite clusters (sol) to an infinite cluster

spanning over the whole container (gel). In silicic acid solution, orthosilicic acid monomers first
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condense to dimers, trimers and tetramers, etc, which further condense in such a way to
maximize the number of Si-O-Si bonds and minimize the number of terminal hydroxy groups
(via internal condensatio#f) By this route, short chains cyiclize to rings, which in turn combine
into polyhedral structur€d Those polyhedrals further condense to larger particles leaving some
OH groups on the outside. Depending on the pH of the solution, these patrticles can either
interconnect to chains and then crosslink to &g®lgrow in size at the expense of small

particles by afDstward ripening mechanista form a metastable silica suspension.

The gelation process has been explained by classical hgoeycolation mode?$§, and
kinetic methods (including Smoluchowski equatfgf$and computer simulatiéf). This
dissertation will not attempt to describe these theories. However, the structures predicted by
computation simulations will be briefly introduced since they clearly illustrate the structure of
silica clusters developed under different reaction conditions—an aspect that will be addressed in
Chapter 6

1.1.5.Structural Evolution Prior to Gelation

Numerous studies including rheological measurements have indicated that the structures
of sols or gels of silica are highly dependent on the reaction conditions, especially pH of the
solution and equivalent ratio)(of water to silane. For example, Sakka €Pak and Kamiya et
al.”3 have found silicate systems developed by acid catalysis and base catalysis behave
surprisingly different in their viscosity-concentration-molecular weight relationships. Noticeably,
silica sols developed using a strong acid catahy€2.6-1) are flexible, chainlike and spinnable;
while those developed using a base catalyst are highly branched and nonspinnable. Spinnability
is defined as the ability to draw fibers from the solution. In this section, the structure of silica

clusters generated under different reaction conditions is discussed.
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1.1.5.1.Computer Simulation of Cluster Growth

Kinetic growth processes such as the sol-gel process often result in self-similar fractal

clusters. According to Meakif the formation of those fractals can be computer-simulated using

alattice modeby selecting a set of three key elements describing the growth process:

1)

2)

3)

The reactants:the reactants can be either monomers or clusters, and the coordination
number of the reactants will affect the choice of lattice.

The trajectories: reactive monomers or clusters undergo a random walk in a
Brownian trajectory before they collide with each other. In a ballistic trajectory,
however, reactive species travel a long distance towards each other without colliding
with other species. The former case is closer to liquid phase reactions, while the latter
is more similar to gas phase reactions.

The relative rates of reaction and transport:monomers and clusters are allowed to
react during their first collision in a diffusion-controlled mode. In contrast, many
collisions are required to form a bond during a collision in the reaction-limited mode.
The number of collisions and the probability of reaction during an encounter depends

on the local structure rather than the overall structure of the cluster.

Figure 1.10shows the structures and fractal dimensions of computer-simulated clusters

developed under the stated reaction conditions. The labels Eden, Vold, Witten-Sander, etc.

represent the computer models from which the cluster structures are obtained. The clusters

derived by the ballistic models will not be discussed since they do not reflect the situation of

liquid phase reactions. In the sol-gel process of tetraalkoxysilanes, cluster growth may proceed

predominantly between monomers and clusters or between clusters and clusters. The monomer-

cluster growth model requires a continuous supply of monomers that condense preferentially

with clusters rather than with themselves. Apparently, solution or melt crystal growth is an

example of monomer-cluster growth although this process occurs in a highly ordered manner.

The monomer-cluster growth model has two limiting cases: reaction limited monomer-cluster

aggregation (RLMCA) and diffusion limited monomer-cluster aggregation (DLMCA). The



Chapter 1 29

DLMCA model gives a low fractal dimension because of the random walk nature of Brownian
diffusion and the irreversible reaction at the first collision with the growing cluster. The reaction
limited model is characterized by a barrier to bond formation (i.e. activation energy). The Eden
model, which leads to a compact smooth clustgp{P 3), is a RLMCA model. In this model,

all lattice sites are assumed accessible and filled with equal probability. A “poisoned” Eden
model> has also been proposed to accommodate some lattice sites that are prohibited from
occupation. During the sol-gel process of alkoxysilanes, some sites are prohibited from
occupation because of unreacted alkoxysilane groups or incorporation of organosilanes such as
methytrimethoxysilane. Depending on the number of poisoned sites and their distribution, the
poisoned Eden growth can generate structures that vary from uniformly pore fractals to surface
fractals to mass fractals. Generally, the clusters formed by DLMCA (Witten-Sanger250)

has a lower fractal dimension than those formed by RLMCA (Edgns3.00).
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Fig. 1.10. Simulated structures resulting from various kinetic growth models. Fractal
dimensions are listed for 3-D clusters although only their 2-D analogs are displayed. Each
cluster contains 1000 primary particles/4

The cluster-cluster aggregation model is applicable to sol-gel systems that have no
continuous supply of monomers and no predominant condensation between monomers and high
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molecular species. This model also includes the two similar ligni@ses: reaction limited

cluster-cluster agregation RLCA) and diffusion limited cluster-cluster gggation (ILCA).

Similar to the case of monomer-cluster aggregation, th@Amodel forms more extended

clusters ([ass=1.80) than th&LCA model, whch yields clusters with a Ryssof 2.00.

1.1.5.2.The pH-Dependence of Sol-Gel Reactiéns

The pH-dependence of sol-gel reactions of tetragiitanes and the resulgrcluster

structures is schematicallescribedy Fig. 1.11 using an arbitnar value and reaction t@

constants$#42,

By the reaction mechanism, thedralysis of the silane (curve H ig. 1.1) can be
divided into two pH regions: pH<7 and pH>7. At pH<7, liydrolysis occurs via acid-taysis

and the reaction rate jgoportional to thénydrogen ion cacentration. For pH > 7, the

hydralysis occurs via base-ciyais and the reaction rate is proportional tohyroxide ion

concentration. The overdilydrolysis rate redtes a minimum at ca. pH 7, where the

contributions from both mechanisms are elyusinall.
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Fig. 1.11. Schmatic representation of the influences of pH on the rates of hydrolysis (H),
condensation (C) and disslution (D)34 42,
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The condensation rate (curve CHig. 1.1) depends on the relative ease of protonation
and deprotonation of the silanol or alkoxysilane groups, which is reflected by the point of zero
charge (PZC) of the colloidal particle surfaces. The PZC for silica is around pH 1-3. At this pH,
the silica surface is expected to be equally protonated and deprotonated, thus the PZC is roughly
the boundary between acid catalyzed and base catalyzed condensations. In the range of pH 0-6,
the dissolution rate of siloxanes (curve OFig. 1.1) is relatively low (especially at pH 0-4) and
thus the overall condensation rate depends mainly on the condensation rate. The condensation in
the range of pH 0-2 is predominately acid catalyzed and the reaction rate decreases steadily as
pH increases. In the range of pH 2-7, the condensation is believed to be overwhelmingly base-
catalysis and the condensation rate increases steadily with pH. At pH 7-14, the condensation is
still base-catalyzed, however, due to the increasing importance of dissolution of siloxane bonds,
the overall condensation rate decreases sharply. At pH 12-14, the dissolution reactions become
so dominate that most silicon species convert to low molecular weight metalsilicates or silicates.

pH in a nonaqueous solution is not well-defined. The pH-dependence of gelation time
changes slightly from catalyst to catalyst, but similar tendencies are follov@hlar recently
studied the hydrolysis and condensation of TEG®d ETS40 (a hydrolysate of TEGS)ising
a number of acid or base catalysts. pH measurement was properly calibrated to accommodate the
solvent effect on the acidity. The results indicated that for the selected catalysts, the rate of
hydrolysis typically depended on pH of the solution but not on the chemical structure of the
catalyst. The minimum rate of hydrolysis was at pH 7.0, while the minimum rate of condensation

(given as the reciprocal of the gelation time) was at ca. pH 2.0.

1.1.5.3.The pH-Dependence of Cluster Structdfes

The structures of clusters formed during the sol-gel process of a silicon alkoxide depend
on pH and in the systemiigure 1.12roughly illustrates the cluster/particle structural evolution

at different pHs during the sol-gel process of aqueous silica.
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Fig. 1.12. Polymerization behavior of aqueous silica. Redrawn according lier, R. K. The
colloid chemistry of silica and silicates 78

Below pH 2, both hydrolysis and condensation occur by acid-catalysis and the hydrolysis
is much faster than the condensatibig(1.1). Forr>2, the hydrolysis of TMOS is expected to
finish at an early stage of the procesg.0.01). At pH 1, a TMOS system can be actually
depleted of monomers PRat t/t,>0.01, yet this system has a much lower concentratior of Q
than a similar system developed under a neutral conditiBimce the system is depleted of
monomers (&) quickly, later condensation (still far from gelation) occurs mainly between
polymeric silanols (®or @) via a RLCA route, leading to weakly-branched structurgs<b
2). Because of the low solubility of siloxane (siloxane bond hydrolysis), this temporary,
nonequilibrium structure is unable to rearrange and hence is kinetically stabilized.

Under water-deficient hydrolysis conditions), the actual average functionality of the
silicon species is reduced (no ether-forming condensation occurs) because of the incomplete
hydrolysis and condensation. Consequently, more weakly branched structures are formed,
leading to the increased dependence of the viscosity on the concentration and molecular weight

of the clusters. The unreacted alkoxysilane groups in those structures can be condensed by
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adding sufficient amounts of water in a later step. The final gel structure developed by such a
two-step approach often differs from that of a similar system developed by a one-step approach.

The weakly branched structures in acid-catalyzed condensation may be related to the
relatively high reactivity of less condensed silicon species (due to inductive effects). Because of
this, monomer-monomer condensation is faster than monomer-cluster condensation, which is in
turn faster than cluster-cluster condensation. Consequently, monomers are consumed quickly and
the later reactions occur mainly between clusters (RLCA). Trace amounts of fluoride or
hydrofluoric acid significantly can promote the formation of a negative charged penta- or hexa-
coordinate silicon intermediate. Even though pH is less than 2, the presence of fluoride or
hydrofluoric acid can lead to a reaction pathway similar to the base-catalyzed mechanism, and
the final gel structure is similar to those obtained at pH >2 (RLMCA), at which range the base
catalyzed reaction is predominant.

Above pH 7.5, both hydrolysis and condensation occur by the base-catalyzed mechanism
(Fig. 1.1). However, since outer silanol groups of the clusters are partially dissociated, cluster-
cluster aggregation is limited because of the electrostatic repulsion between the clusters. Because
of a slow hydrolysis rate of tetraalkoxysilane and a higher dissolution rate of siloxane bonds, the
system has a continuous supply of monomers. Therefore, condensation occurs mainly through an
RLMCA route. In a TEOS derived silicatéSSi NMR showed a trend of maximization of Q
and d at the expense of<@nd @ in this pH rang#. By increasing the solubility of silica, the
increase in pH, temperature or pressure is expected to promote the growth of silica particles.
Many stable monodisperse silica sols have been prepared for industrial purposes at this pH
range.

The condensation still occurs via RLMCArat2, but unreacted alkoxysilane groups are
more likely to be incorporated in the growing clusters. Under this condition, the cluster growth
can be described by a poisoned Eden model, which can accommodate alkoxysilane groups that
do not undergo any condensations. Mass or surface fractals or uniformly porous objects may
result depending on the number and distribution of poisoned sites. A second step can be used to
hydrolyze the unreacted alkoxysilane groups, and again the resulting gel often has a different

structure from that obtained via a single-step hydrolysis.
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The unique monomer-cluster condensation model in base-catalyzed condensation may be
related to 1) the stronger acidity of silanols containing more silyloxy substituents and 2) lower
steric hindrance and a relatively high concentration of monomers. The small size of monomers
also allows them to fill in the small gap within a cluster so that clusters of high fractal dimension
or particles (surface fractals) are formed.

In the range of pH 2-7, the hydrolysis proceeds by acid catalysis while the condensation
occurs by base catalysisig. 1.1]). As pH increases, the hydrolysis rate decreases while the
condensation rate and dissolution rate of siloxanes increase. The condensation is likely to occur
by the monomer-cluster condensation, which leads to structures ranging from mass fractals to
surface fractals to porous uniform clusters, depending on the number and distribution of
unhydrolyzed sites. The poisoned Eden model and the Eden model may be used to describe gel
structures derived ak<2 andr>>2, respectively. At pH 2-4, the hydrolysis rate is rather fast
and both the condensation rate and the dissolution rate of silica are relatively low, hence the
process is condensation-limited. As no significant electrostatic repulsion exists between patrticles,
aggregation occurs along with the growth of particles. However, the particle size is often limited
(2-4 nm) because of a lack of monomer supply. As pH value increases in the range of pH 5-7, the
dissolution rate of siloxane bonds increases and the monomer generated can lead to further
particle growth(Ostward ripening)Since the particles or clusters are not sufficiently charged
under these circumstances, they usually undergo rapid aggredragioh.( .

Two-step approach may be used to prepare sols of different fractal dimensions.
Tetraalkoxysilane has been hydrolyzed by an acid catalysis step and a subsequent base catalysis
stef®0-85 The initial acid catalysis is expected to promote structurally extended clusters, while
the latter base catalysis leads to a higher extent of condensation. Since the monomer has been
mostly converted to § Q% or @ during the earlier acid catalysis, the following condensation
under the base catalysis should occur by an RLCA manner@fgtveald ripeningcan be
neglected. In fact, gels produced by a two-step approach are rather different in both morphology
and properties from those prepared by a single-step métlmpae 1.13shows Porod slopes and
corresponding fractal dimensions for a set of silicate solutions that were prepared by a one- or

two-step approach. The 2-step acid catalyzed condensation usually gave a lower fractal
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dimension than the 2-step base catalyzed condensation, which in turn gave a lower fractal

dimension than a 1-step base catalyzed conden&ation
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Fig. 1.13. Porod plots of silicate solutions prepared by: (A) two-step acid-catalyzed TEOS
system; (B) two-step acid and base-catalyzed TEOS system; (C) one-step base-catalyzed
TEOS system (r=1); (D) one-step base-catalyzed TEOS system (r=2); (E) aqueous silicate
system Ludox86

1.1.6.Structural Evolution after Gelation 18

After gelation, gels often undergo “aging” and drying before finally being sintered. These
processes are usually accompanied by noticeable volume shrinkage and structure reconstruction.
Aging and drying are also two important steps during the preparation of inorganic-organic hybrid
materials $ection 1.2, in either monoliths or films. However, these materials are only cured at a
temperature lower than the decomposition temperature of organic compounds. The curing

process differs from the sintering in that the former is mainly caused by the condensation of
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residual silanol groups, while the latter is mainly due to the mass transport of trace amounts of

melts.

1.1.6.1.Aging of Gels

During the aging period, gels undergymeresiscoarseningor phase transformatian
These processes can significantly influence the gel structure, which affects the following drying
and curing (or sintering) processes.

When a gel ages in a closed container, the gel network shrinks spontaneously by
expelling the solvent and condensation by-products. This phenomenon isgabeesisThe
driving force for the process is usually the same condensation that leads to gelation. However,
for particulate gels whose gelation is due to the collapse of the electric double layer that
stabilizes the sols, the syneresis can be driven by van der Waals forces since those systems are
already highly condensed. The shrinkage causes patrtial interpenetration of clusters or particles,
and the degree of interpenetration depends on the fractal dimension of the clusters or particles.

The syneresis can be divided im@crosyneresiandmicrosyneresisBy
macrosyneresis, the solvent or condensation by-products are expulsed out of the entire gel
network, and a separate liquid phase and a separate gel can be observed. Microsyneresis is a
micro-phase separation inside the gel that causes fluctuations in distribution of the gel material
and solvents. During such process, the solvent and condensation by-products are gradually
separated from the gel material and form pores or capillaries inside the gel. Microsyneresis often
causes turbidity of the gel due to light scattering cased by phase separation. The porosity in dried
organic gels is attributed to microsyneresis. However, its relative importance in the formation of
porosity is unclear in inorganic gels since porosity in these gels may also result from cluster
structure.

Coarsening or ripenings a process characterized by dissolution and reprecipitation due
to the solubility differences between surfaces of different radii of curvature. Before gelation, the
coarsening process mainly causes the growth of colloidal particles at the expenses of small
particles. After gelation, colloidal particles can be in close contact, so coarsening or ripening

leads to not only the growth of particles, but also the fusion of particles by transporting gel
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material to ay necks between partes Fig. 1.19. The necks haveegative radii and hee
relativdy low solubility, so reprecipitation often occurs atsaelaces. The growth of necks
adds to the strgth and stiffnessf the network. Generl, the rate of carsenng is influenced
by factors affectig thegel solubilty, which includetemperature, pressure, pH, andtyyee of
solvent.
Phase transfamation (i.e. cystallization or transition ofrgstalline phase) ay occur
when an metal oxide gel undergoes aging. This does not occur in silica based gels and will not be

discussed here.

Fig. 1.14. Dissolution and reprecipitation cause the growth of necks between patrticles,
increasing the strength and stiffness of the gl

Microsyneresis, oarsening and phase transfoation increae the stragth and stiffness
of the gel network, thus &y often reduce the shringa and crackig possibilty and lead to a

high porosty.

1.1.6.2.Drying of Gels

Syneresis durig aging only causes limited shrinkage. Extensive shrinkage occurs in the
drying process asiige amounts of solvent and condensabgiproducts evagrate from the gel.
Dependig on the dying rate, the d/ing of gels carbe divided into three stagé€sigs. 1.15and
1.16): the constant rate period (CRP), the first falling rate period (FRP1), aeelcived falling
rate period (FRP2Y.88 The three-stagerying process was also usleyg Brinker et al. to

describe the dip-coay process of inorganic sdi%%. To help understand theyiing process of
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the inorganic-organic hybrid materials, a brief description of these three drying periods is
provided.

FRP2

Evaporation Rate

Solvent in Gel

Fig. 1.15. lllustration showing three stages of solvent evaporation from §él

During the constant rate period, the total evaporation rate remains roughly the same as
the evaporation rate of the bulk solvent at the same temperature. Syneresis may be faster than
solvent evaporation at the beginning, and this results in accumulation of free liquid in the
container. As the rate of evaporation loss becomes greater than the rate of liquid expulsion due to
syneresis, the liquid-vapor interface is about to enter the gel network. Assuming there is no
interaction between the liquid and the gel network, further evaporation will expose the network.
However, the capillary forces and osmotic forces cause the compliant network to shrink and the
liquid to flow from the interior to the surface to replace what has evaporated, opposing the
exposure of the network. Therefore, the evaporation rate of the solvent is roughly maintained the
same during this period. Because of solvent evaporation, the gel surface temperature drops below
the environmental temperature.

As the drying continues, the network becomes increasingly strong and stiff owing to the
formation of new chemical bonds, the close contact of colloidal particles, and the decrease in
porosity. Once the gel network becomes strong enough to resist the capillary forces and the
osmotic forces, the shrinkage rate drops rapidly (further shrinkage is very limited) and not
enough liquid can diffuse to the surface to replace the liquid that is lost by evaporation.

Therefore, the liquid-vapor interface begins to enter the body of the gel, and this is called the
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critical point (referred to as the leatherhard point in clay technology). At this point, the radius of
the liquid/vapor meniscus becomes equal to the radius of the pore, so the capillary force reaches
its maximum value.

After the critical point, the rate of evaporation rate drops rapidly and the surface
temperature increases slightly. This is a stage called the first falling rate period (FRP1). During
this stage, further evaporation drives the meniscus into the body, and the surface may become
more transparent. However, the liquid in the pores near the surface remains connected to the
liquid body although vapor or air pores exists in this region. In other words, there are contiguous
pathways along which the inner liquid can flow to the surface under the influence of capillary
forces. Most vaporization is still occurring at the exterior surface and the surface remains below
ambient temperature. The rate of evaporation is, of course, sensitive to the ambient temperature

and the vapor pressure.

a) Initial condition

<4— Liquid/vapor meniscus flat

Pore Liquid
Solid phase

b) Constant rate period

> Evaporation .
T p—> 1.".1.‘
Shrinkage )

Maximum capillary pressure P R
~~ Empty pores

Minimum radius of curvature

Fig. 1.16. lllustration showing the liquid/vapor interfaces during different drying stage®®
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As the meniscus recedes into the body, the gradient of capillary force drops and so does
the flux of liquid to the surface. Eventually, it becomes so slow that the liquid near the gel
surface exists in pockets isolated from the body liquid. Therefore, the liquid no longer flows to
the surface and the diffusion of vapor becomes the only way for liquid to escape from the gel.
The liquid in pockets only represents a small fraction of the liquid, so its contribution to the
evaporation is negligible. This is the so-called second falling rate period (FRPZ2). In this period,
evaporation occurs inside the body, the surface temperature reaches the ambient temperature, and
the rate of evaporation becomes less sensitive to the ambient temperature and humidity.

The shrinkage of the gel network is highly dependent on the ability of the cluster to
interpenetrate each other. MandelB#showed that when two rigid structures of diameter R are
placed independently of each other in the same region of space, the number of intersections

(overlaps or entanglements) Mis expressed as:
M, , [ RO Pmasz™ Eqgn. 1.14

where Dhass 1and Dhass 2are the respective fractal dimensions and d is the dimension of the
embedding space. For three dimensional space, d = 3adf £Dmass, 1.5, then the overlaps or
entanglements M, approaches zero as R increases infinitely, so the structures are mutually
transparent. However, Iffss. & Dmass, 21.5, the probability of overlap or entanglement
increases infinitely with R, so the structures are mutually opaque.

Since acid catalysis usually leads to clusters of a low fractal dimensigg(D8-2.0),
the spanning and isolated clusters in the gel can interpenetrate to a high degree, leaving little
porosity. On the other hand, base catalysis usually forms clusters or particles of a relatively high
fractal dimension (Rass=2.0-3, mass or surface fractals), and these clusters or particles are far
less interpenetrable, thus the resulting gel has relatively high porosity. Similarly, gels aged under
conditions of high silica solubility tend to form less interpenetrable particles (high fractal

dimension), hence resulting in high porosity in the final Ga&gj.(1.17.
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Fig. 1.17. Schematic representations for drying of an gel obtained by acid catalysis (a) and
base catalysis (b), and aging of a particulate silica gel under conditions of high (c) or low
(d) solubility.93

Although osmotic pressure is significant for some gels that have strong interaction
between the solid gel and the liquid, the capillary forces are believed to be the most important
forces that cause shrinkage of the gel network and transport of the liquid from the gel interior to
the surface. Created by the meniscuses as the liquid-vapor interface enters the pores on the
surface of the gel, the capillary force (P) is governed by Egn. 1.15 and reaches its maximum
when the radii of the liquid meniscus reaches the radii of the pores at the critical point. Fracture
is most likely to occur at the critical point during the whole drying process.

PV,
RT

where \, is the molar volume of the liquidg pnd g are the vapor pressures of the smooth

P, =P, eXpt-—) Egn. 1.15

liquid and the meniscus, respectively. R is the ideal gas constant and T is absolute temperature.
Mathematical models have been established by SEAgfto predict the stress

distribution within a gel according to the geometry of the gel object, permeability of the network

(D), viscosity of the liquidr{_), viscosity of the network (&), evaporation rate (@, and the

surface tension of the pore liquid)pFor the constant rate period (CRP), assuming the gel

exhibits Newtonian viscosity, an analytical solution has been obtained for the stress distribution

in a gel film Eig. 1.19 drying from both sides:
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- HoVe [acoshq cosh@z/L) ) Eqn. 1.16
L sinh(@)
2
where g = L°n, Egn. 1.17
DH

Fig. 1.18. A film gel undergoing a drying process from both surfaces.

The theory indicates that the outer layers of the film are under tension while the inner
layers are under compression, and that the surface stress concentration can be reduced by
increasing the permeability of the gel and surface tension. An obvious method to increase the
permeability is to enlarge the pore size. The stress at the surface (at the critical point) is
proportional to the film thickness if the film is not very thidkd). In case of very thick films
(a>>1), the surface stress becomes independent of the film thickness.

Fracture of the gel during the drying process may be avoided by increasing the pore size
and aging time. The former reduces the cracking possibility by increasing the permeability of the
gel; while the latter does that by increasing the gel strength as well as the pore sizes. Chemical
additives including surfactants and so-called ‘drying control chemical additives’ (DCCA) are
found helpful in reducing cracking. For example, formaifigé0s oxalic acid%, glycerolo7?
have been used to reduce cracking and to process relatively large monolithic gels, which are
often called xerogels. The presence of these chemicals is expected to influence the cluster
formation and later the syneresspercritical drying©8.109is another way of reducing or
eliminating the surface stress concentration and preparing large gel objects. By this method, the
cracking problem is avoided by eliminating the capillary forces since the distinction between the

liquid and vapor phases no longer exists in the supercritical state. The gels prepared by this
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method are often called aerogels since they are very porous and extremely low in density,
refractive index and thermal conductivity. Aerogels maintain most of the structural features of

the original gel and are usually transparent.

1.1.7.Advantage and disadvantages of the sol-gel process

The sol-gel process provides a versatile method for ceramic processing. It can be used to
prepare powders, fibers, films or coatings, porous or monolithic objects. Since the metal alkoxide
starting materials can be prepared in extremely high purity and the formation of metal oxides is
not diffusion-controlled as in normal ceramic sintering, ceramics produced by this way are very
pure and chemically uniform. In addition, these oxide particles are often only a few nanometers
in diameter, while usual ceramic powders have a particle diameter of a few microns.
Consequently, ceramic preforms derived from the sol-gel process can be sintered at a
temperature several hundred degrees lower than the normal sintering temperature. The solution
processing nature of the sol-gel approach also allows organic or biochemical compounds to be
incorporated without decomposition or losing their biochemical reactivity, so various inorganic-
organic hybrid materials including biochemical sensors can be prepared. The organic
components in these hybrids can be calcinated at high temperature to prepare porous materials
with well-controlled pore sizes.

The sol-gel process, however, also suffers from several disadvantages. Firstly, the metal
alkoxide raw materials are quite expensive compared with the clays, oxides or carbonates used
for traditional ceramics. However, this causes no major problem if the ceramic is only used for a
coating application. Secondly, the sol-gel process is usually accompanied by a huge release of
solvent and condensation by-products, thus it is not easy to closely control the dimension of the
final objects. Thirdly, the huge release of solvent and condensation products often causes
cracking of ceramic preforms during drying and curing processes, although drying controlling

chemical agents and supercritical fluid extraction may be used to overcome this problem.
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1.2.INORGANIC-ORGANIC HYBRID MATERIALS

Inorganic-organic hybrid materials include any materials that are composed of both
inorganic and organic components. Traditionally, inorganic-organic composites refer to glass or
carbon reinforced or inorganic oxide filled resins, which are prepared by mechanical mixing. The
separation of inorganic and organic components in these materials occurs at the micrometer level
(10*-10°® m). Hybridization at the nanometer level (100° m) can be accomplished by several
methods. These methods include: 1) embedding nanometer inorganic materials into organic
polymers or resin (PMMA/silidd0.11} 2) impregnation of organic monomers into inorganic
micro porous gels followed by polymerization (PMMA/sifiég, and 3) hydrolysis and
condensation of metal or semi-metal alkoxides along with silane coupling reagent and other
organic modified silanes. Since phase separation typically occurs at a length scale of less than
1/20 of the wavelength of visible light, these materials are usually transparent. At the molecular
level (10°-10° m), however, the division between inorganic and organic materials becomes
hazy, so the ternmorganic-organic hybrid materiak not so frequently used. For example,
polydimethylsiloxanes (PDMS) and polyphosphazenes have both inorganic backbones and
organic side groups, yet these materials are often classified as inorganic polymers rather than
inorganic-organic hybrid materials. Many polyelectrolytes are comprised of organic backbones
and metal ions but are also not categorized as hybrid materials. Thadeganic-organic
hybrid materialis specially used to refer to microphase-separated hybrid materials in this
dissertation. These materials are generally divided into the following four types according to

their preparation method.

1.2.1.Embedment of Nanometer Particles into Polymer Matrices

Inorganic-organic composites can be formed by polymerizing suspensions of nanometer
particles of ceramics in organic monomers. These ceramic particles may be prepared by surface
treatment of nanometer particles or by sol-gel reactions of metal alkoxides in the presence of a

surfactant.
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Schmidt et at-6.113have prepared stabilized silica or metal oxide sols that include
surface vinyl or epoxy groups and these particles were polymerized into an organic polymer
matrix. The functionalized inorganic sols were prepared by modifying existing sols with silane
coupling reagents such as 3-MPTMS and 3-GPTMS, or by sol-gel reactions of silicon or metal
alkoxides in the presence of these silane coupling reagents. Chemical additives like carboxylic
acids or acetylacetone were often utilized to reduce the reactivity of the more reactive metal
alkoxides so that early precipitation of metal oxides did not occur. Partial hydrolysis of silane
coupling reagents prior to addition of the metal alkoxide was also used to prevent formation of
metal oxide precipitates. Schmidt et al. referred to their new hybrid materials as ORMOSILs
(organicmodified silane) and ORMOCER®(ganicmodified ceramics). These hybrid
materials have been developed in the form of hard contact lens materials, UV-curing optical
materials, low surface energy coatings, and scratch resistance coatings

By a similar approach, Philipse etladf.and Sunkara et a5 have prepared inorganic-
organic hybrids using free radical polymerization of methyl methacrylate containing 3-MPTES
treated Ludox silica colloids. Novak et!aP have also prepared polymerizable silica sols by
hydrolyzing TMOS in the presence of 2-hydroxyethyl methacrylate (HEMA). The hydrolysis
was only partial so that a few reaction sites were reesterfied or transesterified by HEMA. Later
the vinyl group could be polymerized via a free radical polymerization. A silica/HEMA/PEMA
(poly(ethyl methacrylate)) system has been also studied by Bourgeat-Larht‘et al.

1.2.2.Co-Hydrolysis and Condensation Methods

Inorganic-organic hybrid materials can be readily prepared by sol-gel reactions of metal
or semi-metal alkoxides in the presence of triethoxysilylated polymers/organic compounds. This
approach is represented by the work of Wilkes and cowdiRer and the resulting materials
are often referred to as CERMERSs (combinationeséimic and polyner). Polymers that have
been incorporated in the CERAMERS include polydimethylsiloxane, poly(propylene glycol),
polyimide, poly(tetramethylene oxide) and typical oxides incorporated included silica, alumina,

titania and zirconid® These polymers were often terminated with hydroxy or amine groups and
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then functionalized with 3-isganatoprpyltriethoxysilane (3FCPTES). Compounds containing
triethaxysilyl endgroups were also added as endcappers in stepuysegpizations to
functionalize ptymers like ptyimides.By charging the composition of the inorganic
component, the material properties can be modified contilyifresn that of the pkymeric
component to that of the inorganic component. Small organic compounds were alsbysimilar
functionalized and used to meae inorganimrganichybrid coatngs. Thesdaybrid coatngs will

be reviewed in mordetail when discussg abrasion resistanbatings1.17,

Non-functionalized organic compoundsyralso be inorporaed into may metal
alkoxide sol-gebystems.In these cases, thesystems usudy involve no chemical bonding
between the inorganic amdganic components, and the organic specieslisphysicaly
trapped into the inorganieetwork. Intimate contact of therganic component with the network

is possible if both components are compatible.

1.2.3.Impregnation of Polymers into Porous Ceamics

Porous ceramics &g be impregnged with organic monomers and themed to
inorganc-organichybrid materials. Silica gels habeen the most widg studied mateals in
this class. Organic monomers of varidyses have been impregnated into Si@ls and
poymerized into transparent nanocompos#ésand PMMA including 33% of silica was
reported to hae a Mckershardness of 22Rg/mmt20. In these materials, a continuous inoligan

network should bexpected.

1.2.4.In-Site Formation of Metal Oxides in Polymer Networks

In-situ hydraysis of metal or semi-metal alkoxides in dymoer matrix is another ay
for preparing inorganic-orgait hybrid materals. Jiang and Mark21 have prepared silica
toughened siloxane elastomdag swelling pdydimetylsiloxane (PDMS) networks with TEOS.
Silica particles were foned in situ ly sol-gel reactions of TEOS. Several acid and baséystga
have been utilized to find the best condition for promoting the desired paiticilica
morphology. Acid catdysis produced brittle materials (podsidue to unzipping of the PDMS
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chains) while base catalysis produced stronger or toughened materials. '3Aas@
investigated the sol-gel reactions of TEOS in a solution of PMMA in THF using acid catalysis
and phase separation phenomena were studied using light scattering and scanning electron

microscopy.

1.3.ABRASION RESISTANT COATINGS

1.3.1.Wear Phenomena

Surface interactiomccurs whenever two objects become in contact with each other so
that forces of action and reaction are brought into play. As the two contacting objects move with
respect to each other, between the interface of the two objects occur a number of phenomena
including temperature increase, friction forces, electrostatic charge generation, removal of
materials from either object or transfer of materials from one object to the other, chemical
reactions, and adhesion. Among théction, wear, andadhesiorbelong to mechanical
interactions and are subjects of a science c#ileology. Friction arises from the tangential
forces across the interface that resist the relative motion of the two contacting objects, and it
relates to the overall energy consumption during a surface interaction. Wear phenomena,
however, are related to the removal of materials from the surface of either contacting body or
transfer of materials from one contacting body to the other as a result of contact interaction.
Adhesion is the ability of the contacting bodies to withstand tensile forces after being pressed
together due to electrostatic forces, van der Waals forces, hydrogen bonding or chemical
bonding. This effect seldom occurs to a marked extent, however, it is the basis of modern friction
theory. The adhesion theory has gradually replaced the roughness theory and become the
accepted explanation for fricti&4®.

Unlike the Young’'s modulus and hardness, etc., which are fundamental properties of a

material, surface interaction properties depend on not only a number of fundamental properties
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of the material, but also the surface topography, the environment, and the relative velocity of the
two contacting objects. While other factors also affect the surface interaction properties, here the
major concerns are the influences of fundamental properties of materials on wear phenomena.
Knowledge of the relationships between surface interaction properties and major intrinsic
properties of a material can provide valuable guidance to the design and preparation of both wear
resistant and lubrication materials.

The fundamental properties of a material that significantly influence its surface
interaction properties can be divided into bulk properties, surface properties, and thermal
propertie$23, The most important bulk properties are yield strength, hardness, the Young's
modulus, shear modulus, and fracture toughness. Surface properties include chemical reactivity,
surface energy, and interfacial energy of the two contacting objects. The chemical reactivity is
the tendency for a surface to acquire a surface film of different chemical composition from that
of the substrate (metal oxides, sulfides), or to absorb molecules from the environment (water,
air). The surface energy reflects the work that must be done to create a fresh surface, while
closely related is the interfacial energy that determines the compatibility of two contacting
objects. The contact of two compatible objects can result in amalgamation or mixing at the
interface, thus leading to high adhesive wear. Thermal properties are also very important when
sliding takes place at a high speed so that a marked increase in surface temperature occurs. For
polymer materials, the glass transition temperature and melting point are important parameters
affecting surface interaction properties.

Many close or intimate relationships exist between these fundamental properties. For
example, materials with strong chemical bonds are often more resistant to deformation.
Diamond, alumina, zirconia have extremely strong chemical bonding, so they are extremely hard
and widely used as abrasives. Graphite, however, only has weak van dar Waals forces between
each close-packed graphite atomic layers, so they are very soft and can be used to make a solid
lubricant. Generally, the yield strength is 25% of the Young’s modulus for pure fully work
hardened metala4, and 35% for some metal alldy& Also the penetration hardness is
approximately equal to three times the yield strength for many pure metals, alloys and nonmetals

and this has been demonstrated both theoretically and experim@atédbyr pure metals, the
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surface energy scales with the square root of the hatdAeBse Young’'s modulus also
generally increases with the melting point of the metal and it correlates with the thermal
coefficient of expansion By’

Ea? = constant15N/m?°C? Eqn. 1.18
E is the Young’'s modulus amdis the thermal coefficient of expansion.

Mechanistically, wear can be generally classified into several categories including
adhesion wearabrasive wearsurface fatigue weaandcorrosive wearln real situations, wear
phenomena are often caused by a combination of these wear mechanisms rather than a single
mechanism. Compared with many inorganic materials, polymers usually have poor surface
strength and are less resistant to abrasive wear. This problem is especially serious for optical
polymers since minor indentations or scratches of these materials during daily cleaning can cause
a rapid reduction in transparené&ygure 1.1%hows the classifications of wear and their possible
causes and effects for tribological interactions of polymers. Due to the significant influences of
abrasive wear to optical polymers, the following discussion will be confined to the influences of
fundamental properties on the abrasive wear rate. However, while abrasion wear may be the
major cause for transparency reduction of optical polymers, the influences of other mechanisms
should not be neglected. For example, crack formation and film delamination of many abrasion

resistant coatings during a Taber abrasion test may be caused by fatigue wear.
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When two contacting objects are in relative motion, abrasion wear occurs via
displacement of materials from either object due tgptheece ofhard protierances or the
presence of hard partés between the surfaces. Thpa#icles can be either contaminants from
the environment or fragments from either objectyer maerials are rather soft cqrared
with ceramics and metals, hence their surface can dg dasiaged by abrasion. Depemglion
intrinsic properties of the material and theegior condition, abrasive wear cha causedby
microplowing, microcuttirg, and microcrackig mechanismsHig. 1.20. These mechanisms
occur to various dgees for brittle ptymers, ductile piymers and lastomer¥®, For brittle

poymers, the wear volume () is inverséy proportional to hardness (H) ¢
v, =kibd@nd/ Eqn. 1.19

where ta&0 is the mean slope dfi¢ asperitied. is the load and d is the displawent, k is a

proportional constant retked with the properties of thdm@sives and ggmer substrate.

Abrasion

Microcutting

Fig. 1.20. Themechanisns for abrasive wearl29

Ratnet31 has proposed a three-stafpeasion wear micess that includes: figformation
of the substrate at the contact area, 2) relative motion oppgseftiction force, and 3) rupture
of the material at the junction area. Thx¢eats of action in these three stages arengityo
dependent on thieardness oftte substrate (H), theoefficient of friction betweerhe two
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contacting substrateg); and the rupture work of the material (A), respectively. The rupture
work (A) is usually described by the area under a stress-strain curve, so it is expected to scale
with the product of breaking stress) @nd elongation at break of the matergl The wear

volume (\4,) removed in such a process is expressed as:

_k, uid
Vy = 2 AE@E Eqn. 1.20

where k is a proportionality constand;€ is a measure of rupture work or toughness. The
importance of this equation lies in the inverse proportionality of wear r#te teardness as well
asthe toughness of the substratéany other equations have also been deduced to describe the
wear volume for various substrates and situati#ns6

The same polymer can suffer from different types of wear depending on the shape of the
abrasive, the cutting rate and the bulk temperature. This can be exemplified by the deformation
behavior of MFR80 polycarbonate (Dow Chemical Co.) during scratcA3esi8 Figure 1.21
shows the deformation map of the material in room temperature tests. The normal load and cone
angle of the test are stated as the coordinate and abscissa, respectively. The results indicate that
the material suffers from ductile plowing and plastic deformation at a relatively large cone angle
but brittle machining at a high load and a small cone angle. With a cone angle >150° and a load
less than 0.8 N, the deformation is fully elastic. Increasing the bulk temperature leads to the
expected suppression of brittle fracture. Strangely, a decrease in scratch rate from 2.6 mm/s to
0.0026 mm/s results in a decrease in the area of the ductile plowing region. It is believed that at a
high scratch velocity, the energy dissipation leads to local adiabatic heating of the material and
hence a rise in local temperature, which results in the suppression of brittle failure. Similar
analyses have also been conducted by the same authors for polytetrafluoroethylene, polyethylene

and polymethacrylatg®.140
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Fig. 1.21. A deformation map of MRF80 polycarbonate. The tests were carried out at room
temperature at a scratch velocity of 2.6 mm/s. (Redrawn according to References.13§

1.3.2.Approaches for Controlling Polymer Wear

Polymer wear can be controlled by lowering surface energy or increasing the hardness
and toughness. In general, a lower surface energy and a high hardness help to lower adhesive
wear, while a high hardness and a high toughness help to minimize abrasion wear and fatigue
wear. According to Le@8 the wear resistance of polymers may be improved by: 1) controlling
or designing bulk properties, e.g. molecular weight, molecular weight distribution, entanglement
density, microstructure, liquid crystalline structure, etc.; 2) modifying the surface (e.g. by
plasma, photopolymerization, silicone, etc.); and 3) particulate or fibrous reinforcement. By
surface modification, a layer of a tough and rigid material is formed on the surface of the
polymer object so that the inner weak material does not directly contact the abrasive. This
method is effective for protecting polymers used for decoration, glazing, glasses etc., which only
suffer from mild surface interaction when in contact with other objects. The other two

approaches increase abrasion resistance of the material by improving their intrinsic properties.
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For example, CR39 resins, optical polymers prepared by free radical polymerization of diallyl
diglycol polycarbonate, offer better abrasion resistance than linear optical polymers like PMMA
and PC. The improved abrasion resistance of CR39 resins can be attributed to their high
crosslink densit}#1 Compared to surface modification, the development of new polymers

usually involves high expense, a long investment cycle and great risks, and has limited potential
in improving wear resistance. In cases of bearings and transporting pipes where wear is of prime
importance, polymers with high abrasion resistance should be chosen. Under extreme situations,

metal or ceramic parts may be used instead of polymers.

1.3.3.Abrasion Resistant Coatings

1.3.3.1.Coatings by Plasma Treatment/Polymerization

Plasma treatment/polymerization of monomers can create a dense film on polymer
surfaces, which can potentially prevent the substrate material frorf?ddre plasma
treatment has the advantages of: 1) applicable for both batch and continuous processes, 2) low
capital investment, 3) suitability for many systems and 4) controllability of experimental
conditions. However, the method also suffers from two major drawbacks: (A) the inability to
produce films on many substrates and (B) the tendency to form thick films. Plasma is a highly
ionized state of gas that includes ground or exited states of atoms and molecules, ions and
electrons. Plasma treatment of polymer surfaces can lead to dissociation of bonds and ionization
of atoms, hence resulting in a highly crosslinked surface, which is usually more wear resistant
than the non- or weakly crosslinked surface. For example, tetrafluoroethylene and
hexafluoroethane have been grafted onto wool or polypropylene fibers to reduce the friction
coefficient42 Plasma polymerization of organic monomers such as styrene has also been used to
form abrasion resistant coatings on substrates; however, this process is completely different from
free radical polymerization. Plasma polymerization usually leads to heavily crosslinked systems
that cannot be attained by normal free radical polymerization. Ceramic films may also be

prepared on polymer surfaces by the plasma method. For example, hexamethylcyclotrisilazane
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can be pyrolytically converted into a material which has a high content of amorphous

siliconoxynitride which is quite wear and corrosion residtént

1.3.3.2.Inorganic-Organic Hybrid Coatings

Silicones, silsesquioxanes, and some inorganic-organic hybrid materials have been
proven to be good abrasion resistant coatings. These materials are commonly developed by the
sol-gel process, and can be spread on polymer surfaces as sols and thermally or photochemically
cured into hard coatings to protect the inner polymers from wear.

Silica modified polymethylsilsesquioxanes have been claimed as good abrasion resistant
coatings for glazing plastics by H. A. Clark in the 1976342 Their application on bisphenol-A
polycarbonate (bis-A PC) and poly(methyl methacrylatelate) (PMMA) was evaluated by Vincent
et al46, These hard coatings were prepared by hydrolyzing methyltrimethoxysilane in the
presence of colloidal silica (Ludox), so the resulting materials should be poly(methylsilses-
guioxane) bonded silica resins. The catalyst was acetic acid, and the coating formula had a shelf
life of about four days. The resins could be spread on PMMA and bis-A PC substrates and
thermally cured into an extremely hard, clear protective coalmgle 1.2lists the Taber test
results of these coatings on bis-A PC and PMMA substrates. It was stated that the coating had
good adhesion on these two substrates and excellent adhesion could be obtained after it was
thermally cured. The curing temperatures for coatings on PMMA and bis-A PC were 80°C and
130°C, respectively. Small amounts of alkali acetates were good catalysts for the thermal curing
process. The coatings also provided the polymer substrates with resistance to many chemicals

including organic solvent, oils, acids or bases, etc.
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Table 1.2. Abrasion resistant coatings based on methylsilsesquioxane and silféaTest
method: Taber Abraser, 500 cycles, 500-gram load with CS10F wheels.

Substrate MeSig):SiO, Delta % Haze
Plate Glass 0/100 0.5
Uncoated PMMA 50/50 20
Coated PMMA 50/50 25
Uncoated Bis-A PC 50/50 40
Coated Bis-A PC 50/50 1.7
PMMA 100/0 4.2
PMMA 90/10 3.0
PMMA 80/20 14
PMMA 70/30 0.6
PMMA 60/40 15
PMMA 50/50 0.6

Inorganic-organic hybrid abrasion resistant coatings have been pioneered by the work of
Schmidt et al. in Germany (ORMOSILs and ORMOCERS8and Wilkes et al. in the United
States (CERAMERS$}-17. These hybrid materials were developed using sol-gel reactions, but
different approaches were utilized. By controlling phase-separation between inorganic and
organic components at the nanometer scale, these materials have high transparency in the visible
light range and therefore are suitable optical coatings for transparent plastics.

The earliest ORMOSIL was prepared by Philipp and Schmidt by co-hydrolyzing
glycidoxypropyltrimethoxysilane (3-GPTMS) with TEOS or titanium tetra(2-proproxide)
(TiOiPr)147. Both final gels were brittle, so 3-methacryloxypropyltrimethoxysilane (3-MPTMS)
was added and the vinyl group was later thermally cured by a free radical initiator. These
materials were claimed to have good flexibility, oxygen permeability and might be used in hard
contact lens applications.

Schmidt et al. later formulated another abrasion resistant coating using aluminum tri(2-

propoxide), 3-GPTMS and propyltriethoxysildrié8 By this approach, aluminum tri(2-
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butoxide) (preparation of boehmite sols) was pre-Hydeal and then mixed with 3-GPTMS and
n-praoyltriethaxysilane in the molar ratio of 2:5:®. The mkture was spread on a PC substrate
and cured at 90-130°C usingethylimidazole as a cakgst to produce a clear coating, which
showed good adhesion to the sulistrdhe vulcanization reaction is believed to Ing-+openng
poymerization of the epq groups in thesystem catéyzedby metylimidazole. Boehmite alone

is also believed to be a chtst for the pbymerization.

Table 1.3. Scratch and Abrasion Tests of different coatingsdmposition in mol%: metal
oxide 20, epoxysilane: 50; Si® 30)/

Coatingsand Polymers

Tedt CR 39 PMMA Coating 1 Coating 2 Coating 3
(Uncoated) | (Uncoated) M=Zr M=Ti M=Al
1) (Load h Q) 1-2 <1 10 20-30 50
2) (Haze in %)
200 rev 12-13 20 - 15
. 4a - - 1.2a -
3) (haze in %) 15b i i 6b i
Minimum Vickers damond indent load igrams required to detect a scratch opticaly

microscy.

Percentage of scattered light affeber abrasionampared to a nonabraded surface.

Special abrasive tesmulating cleaning under dust-ontaminated conditions: a: dmond pwder,
b: baon nitride powder.

Hybrid materials based on vulcanization of 3-GPTMS stabilized zirconia, titania along
with silica were also developed and testdstratch andlaasion resistance. Thb1.3lists the
scratch and abrasion test results for some coatings on CR39 PC and PMMA substrates. Among
them, the boehmite based ORMOCER exhibited the best scratch and abrasion resistance.

The CERAMER abrasion resistant coatings have been developedydiokysis and
condensation of trietxysilylated small organic compoundsong with metal or semi-metal
alkoxides. The earliest CERAMER abrasion resistant ngatwere reprtedby Wang and
Wilkes usirg sol-gel reactions of f-DETAL13150, the reaction product of one mole of DETA
with 3 moles of 3CPTES Zirconia or titania sols were also incorporated to increase the
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refractive index of the coatidgl. Adhesion between the coatings and PC substrates was found
quite satisfactory by the use of a Tape test (ASTM standard D3359-87).

Tamami, Betrabet and Wilkes have also introduced other triethoxysilylated organic
compound¥2-154 The organic compounds included 4,4’-aminophenyl disulfone, tri(2-
aminophenyl)phosphine oxide, triethylenetetraamine, polyethyleneimines, and melaatilee (

1.4). Tri(2-aminophenyl)phosphine oxide was prepared by nitration of triphenylphosphine oxide
followed by reduction of the nitro groups to amino groups using hydrazine as a reducing reagent.

All the amines were triethoxysilylated by reacting with 3-ICPTES (Rxn. 1.8).

— NH, —NHCONH(CH),Si(OEts Rxn. 1.8

} + OCN(CH),SiOEt} —>{

— OH —OCONH(CH)sSi(OEty Rxn. 1.9
0 0

_Nij] + HoN(CHp),SI(OEty - _ N;;* NH(CH)2Si(OEt) Rxn. 1.10
0 o

These functionalized materials were later hydrolyzed by reacting with an aqueous
hydrochloric acid solution in appropriate solvents like tetrahydrofuran (THF),
dimethylformamide (DMF), or 2-propanol so that the reaction occurred homogeneously. The
sulfone and phosphine oxide amines were also functionalized by reacting with maleic anhydride
and the resulting maleimide was later triethoxysilylated with 3-aminopropyltriethoxysilane by a
Michael addition reaction (Rxn. 1.10). Similarly these materials were pre-hydrolyzed with a
dilute agueous hydrochloric acid solution, then applied on aluminum or bis-A PC substrates and
thermally cured at 130-170°C. All these coatings demonstrated good wear abrasion resistance on
the substrates mentioned abo¥’&i NMR spectroscopy indicated that a high curing temperature
could lead to a higher extent of curing and better abrasion resitaf&eZirconium 2-proxide
was also incorporated into the f-DETA system, however, no obvious improvement to the
abrasion resistance was obsefvéd

The spectrum of organic modified silanes was further widened by Wen and Willées

by including diols and triols such as glycerol, glycol, 1,4-butanediol, 1,6-hexanediol, resorcinol
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and polyamines including 3,3’-iminobispropylamiffi@ble 1.9. Existing systems studied

included DETA and polyethyleneimine. All these materials were functionalized with a slight
excess of 3-ICPTES (Rxn. 1.9). The functionalized materials, along with TMOS or TEOS, were
again diluted with 2-propanol, or THF or DMF and pre-hydrolyzed with a dilute hydrochloric

acid solution. The resulting sols were applied on substrates and thermally cured into good to
excellent abrasion resistant coatings on either bis-A PC or CR39. A marked increase of abrasion
resistance was revealed by incorporating TMOS into functionalized DETA, IMPA, and polyols,
and the highest concentration of TMOS that could be reached without cracking the coating

during the curing process was about ca. 60%. The incorporation of TMOS reduced the adhesion
of the coating to the bis-A PC and CR39 substrate, however, treatment of these substrates with a
3-aminopropyltriethoxysilane (3-APS) primer or oxygen plasma could significantly increase the
adhesion. The enhanced adhesion is believed to be due to the hydrogen bonding between the
amino group in 3-APS with the carbonate group in the PC substrate. A molecular dynamic (MD)
simulation supported the hydrogen-bonding hypothesis. The influence of coating hardness on the
abrasion resistance was also studied. For the aliphatic polyol based systems, the wear resistance
increased with the coating hardness, but no obvious correlation was revealed between coatings
with different types of organic components. Aluminum alkoxides, zirconium alkoxides, and
titanium alkoxides were incorporated into the f-DETA systeta’, and the f-DETA50Zr50

system, which contains 50 wt% of f-DETA and 50 wt% of zirconium butoxide, exhibited better
abrasion resistance. This coating also maintained its abrasion resistance and adhesion to the bis-
A PC substrate after treating in boiling deionized water for one hour (hot-wet condition). Wen,
Jordens, and Wilked have also demonstrated the potential for a UV absorber to be incorporated
into the sol-gel coatings so that abrasion resistant and UV resistant coatings might be prepared.
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Table 1.4. Inorganic-organic hybrid coatings and their abrasion resistance reported in
referencel52-154 Test Method: Taber abraser, 200 cycles, 250 g load, CS-10 wheels.

Organic Compounds

Silane Coupling

Cure Conditions

Abrasion

Reagents Resistance*
146°C/3 hrs. 98.5%
H2NCH20H2NHCH20H2NH2 100°C/3 hrs. 96 %
80°C/3 hrs. 95 %
H,N_ N _NH,
D
N\fN 135°C/3 hrs. 96 %
NH, 3-ICPTES
Polyethyleneimine 600-1800 132°C/12 hrs. 94-97.5%
H,N NH,
40
I 135°C/3 hrs. 96%
NH,
O O
~97%
| (NOSON | 135°C/3 hrs.
o 6]
(0] [e]
0
| (N_QﬁO—N | 135°C/3 hrs. ~96%
(0]
[e] O
o [¢]
Q{%Oﬁ 3.4PS ssscams | oo
135°C/3 hrs. 96%

%

* Defined by transmittance
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Table 1.5. Typical coatings which have percent transmittance beyond 90% in Taber test
with CS-10 abraders and 500 cycles/50049

Organic Compounds Acronyms gg:gg?}?s Silanes F(-)rryrEiLj:Ig![;n
Diethylenetriamine DETA 3-ICPTES TMOS f-DETA50TMOS50
Glycerol GLYL 3-ICPTES TMOS f-GLYL60TMOS40
Resorcinol RSOL 3-ICPTES TMOS f-RSOL60TMOS40
Hexanediol HXOL 3-ICPTES TMOS f-HXOL60TMOS40
Bis(3-aminopropyl)imine BAPI 3-ICPTES TMOS f-IMPA60TMOS40
Ethylene glycol ETYL 3-ICPTES TMOS f-ETYL60TMOS40
Poly(ethyleneimine) PEI 3-ICPTES TMOS f-PEIBOTMOS40

Formulation are based on the weight percentage of unhydrolyzed silane and functionalized
organic compounds

Jordens and Wilkes have applied the coatings derived from f-DETA and TMOS or other
metal alkoxides on various metal substrates including aluminum, copper, brass, stainless steel
and carbon ste¥8-161 Except for the carbon steel substrate, the abrasion resistance of all
substrates was greatly improved by these coatings. A typical recipe used by Wen and Jordens
was made of equal weights of -DETA and TMOS. The system was in fact provided in a two-
part formula: part A consisted of a solution of equal weights of f-DETA and TMOS in 2-
propanol (by weight f-DETA:TMOSPrOH=1:1:1.14), and part B was a dilute aqueous solution
of hydrochloric acid (0.5N). The coating recipe was prepared by slowly adding one part of part B
into eighteen parts of rigorously stirred part A. After mixing, the system was allowed to pre-
hydrolyze for 5-15 min. at room temperature and the resulting transparent sol was spread on the
chosen substrates. Hard abrasion resistant coatings could be formed on the substrates after being
thermally cured at a temperature between 130-170°C for ca. 5 hrs. depending on the stability of

the coating and substrate.
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1.3.4.Summary

The sol-gel process based on the hydrolysis and condensation of metal or semi-metal
alkoxides permits the preparation of extremely pure metal oxides. The process can be used to
prepare materials in various forms including powders, colloids, films or coatings, porous or
monolithic objects. The morphology of sol-gel derived products depends on many factors
including the structure of the starting materials, pH, water concentration, solvent, aging and
drying. Among them, pH and the ratio of water to alkoxide in sol-gel processes of
tetraalkoxysilanes are the key factors influencing the morphology of the final silica gels. At a
low pH (pH<1) in a water-deficient medium, extended polymeric gels (low fractal dimension)
are usually obtained. However, at a relative high pH (pH=4-7), the resulting gels are often more
particulate (high fractal dimension). Monodisperse spherical silica particle sols can be prepared
at pH 7.5-10, where silica has a relatively high solubility. Multiple step hydrolysis processes may
be used to control the morphology of the resulting silica gels.

After gelation, aging, drying and curing processes can also lead to relatively large
changes in the gel structure. The gel strength generally increases during the aging process via
syneresis and coarsening of the gel. As the solvent and condensation by-products evaporate
during the drying period, the gel undergoes extensive shrinkage due to the presence of the
condensation reactions, osmotic pressure and capillary forces. The capillary force is believed to
be the essential force that causes the huge shrinkage and possible cracking of the gel during the
drying process. For this reason, it is difficult to prepare pure inorganic metal oxide films thicker
than a few hundred angstroms.

One of the most important advantages of the sol-gel process is its low temperature
operation, which allows organic components including proteins to be incorporated without
decomposition or denaturation. This special feature has resulted in the advent of a new class of
materials called microphase-separated inorganic-organic hybrid materials. The properties of
these new materials may be modified to from that of the polymer component to that of the
ceramic by changing the structure and composition of the organic and inorganic components.
The incorporation of organic component also increases the strength and flexibility of the wet gel,
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so thick crack-free films or coatings of moderate strength can be easily prepared at a very low
temperature.

During the past fifteen years, various inorganic-organic hybrid materials have been
developed as abrasion resistant coatings. For example, Schmidt et al. have developed so called
ORMOSIL/ORMOCER coatings by vulcanization of 3-GPTMS or 3-MPTMS modified
inorganic nanoparticles. These inorganic particles were prepared by either modification of
nanometer metal oxide colloids or hydrolysis of metal alkoxide in the presence of the silanes.
Wilkes et al. have also prepared CERAMER coatings by sol-gel reactions of triethoxysilylated
organic compounds along with a metal or semi-metal alkoxide and a typical example of such
coatings is based on f-DETA and TMOS. Hybrid coatings formed by these methods have been
applied on many optical plastics including bis-A PC, CR39 and PMMA and they exhibit good to
excellent abrasion resistance. Due to the complexity of the wear phenomena and the differences
in the testing methods, it is not possible to compare the performance of these coatings according
to the published data. Nevertheless, the application of a thin layer of such hybrid protective
coatings has clearly demonstrated to be a very effective approach to enhance the abrasion
resistance of the polymer substrates.

To date, CERAMER sol-gel coatings developed from triethoxysilylated organic
compounds and tetraalkoxysilanes have shown abrasion resistance close to that of ceramic
materials. More important, this approach is still in its infancy stage and hence it still has
enormous potential for future development. Even for the most extensively studied -DETA/
TMOS systems, there is still a scarcity of knowledge about the influences of many formulation
and processing variables on the gelation time, morphology, and properties of the resulting gels.
For these reasonthis dissertation mainly addresses these fundamental aspects for the f-
DETA/TMOS system, which represents many binary systems including both R&DR)

Si(OR). However, some novel trialkoxysilylated organic compounds and new synthetic

approaches will also be introduced



CHAPTER 2. PREPARATION AND CHARACTERIZATION OF
ABRASION RESISTANT COATINGS

2.1.INTRODUCTION

Abrasion resistant coatings to be addressed in this dissertation were developed by sol-gel
reactions of a metal or semi-metal alkoxide and a trialkoxysilylated organic compound less than
2000 g/mole in molecular weight. Among them, the system based on the triethoxysilylated
diethylenetriamine or f-DETA was the most extensively studied. The sol-gel reactions of this
system were carried out either bgree-step approacta two-step approachgr amoisture
vulcanizationapproachKig. 2.7). Whichever processing method was used, the overall process
for preparing such sol-gel hybrid coatings generally involved the following six fundamental
steps:

(1) trialkoxysilylation of an organic compound;

(2) formulation of abrasion resistant coating recipe;

(3)  surface treatment of the selected substrates;

(4)  spreading of the coating recipe onto the surface-treated substrates;

5) drying and curing of the wet sol layer into an abrasion resistant coatings;

(6) characterization of the final coating.

Among these six steps, step (1) depended mainly on the functional groups in an organic
compound, while steps (2) and (5) might be affected by the acidity/basicity and solubility of the
functional organic compounds and the selection of the processing method. Steps (3), (4), and (6)
were mainly related to the substrate treatment, coating formation, and quality control, which

were common to most sol-gel derived coatings.
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I[F-DETA|  |TMOS| |water]  |Catalyst

|

One-Step Approach

|F—DETA| |Water| |Cata|yst j |TMOS| |Water| |Cata|yst ]|

First Step

J Second Step

Two-Step Approach

I[F-DETA| |TMOS| |Catalyst

Moisture

v

Moisture Vulcanization Process

Fig. 2.1. The one-step approach, two-step approach and moisture vulcanization approach
used for preparation of f-DETA/TMOS sol-gel coatings.

Table 2.1lists chemical reactions utilized to attach trialkoxysilyl groups to organic
compounds containing the specified functional group. Reaction 1 was used to functionalize
diethylenetriamine (DETA), bis(3-aminopropyl)imine (BAPI), and 1,3-bis(3-aminopropyl)-
tetramethyldisiloxane. Many linear aliphatic diamines were also triethoxysilylated by this
reaction, however, the resulting compounds turned out to be crystalline materials insoluble in hot
alcohol or even N,N-dimethylformamide (DMF) (at <100°C) and hence were not appropriate for
preparing sol-gel derived coatings. Reaction 2 was used to functionalize triethanolamine (TEA)
and N,N,N’'N’-tetra(2-hydroxypropyl)ethylenediamine (THPEDA). Reaction 3 is the same as
Reaction 1 except that the position of amine and 3-isocyanato groups in the silane and organic

compound are exchanged. Isophorone diisocyanate was triethoxysilylated by this reaction and
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the resulting compound was a colorless crystalline material soluble in isopropanol at ca. 50°C.
The counterpart of 1,6-diisocyanatohexane, however, turned out to be a crystalline material that
did not dissolve in hot isopropanol and DMF (<ca. 100°C). Ethylenediamine was functionalized
by reacting with 3-glycidoxypropyltrimethoxysilane (3-GPTMS) by Reaction 4. The resulting
compound was a colorless solution in methanol, and it polymerized and even gelled when the
solvent evaporated. Reactions 5 and 6 were applied to introduce triethoxysilyl groups to various
siloxane compounds such as tetrakis(dimethylsilyl) silicate and vinyldimethylsilyl cubic
octasilicate, and the resulting compounds were generally colorless oily liquids.

The formulation of abrasion resistant coatings depended on the choice of processing
method Fig. 2.1). In a one-step approach, the water component was directly added to a mixture
of a trialkoxysilylated compound and a metal alkoxide. In a two-step approach, however, the
metal alkoxide was pre-hydrolyzed by a portion of the water component before the addition of
trialkoxysilylated compound and the rest of the water component. Alternatively, commercial
colloidal metal oxides were directly used to replace the metal alkoxide, and by this route, the pre-
hydrolysis step could be omitted. Coatings by both the one- and two-step approaches were dried
at room temperature and then thermally cured at ca. 125 for bisphenol-A polycarbonate and ca.
170°C for metal substrates. By a moisture vulcanization approach, the coating recipe was usually
a mixture of a trialkoxysilylated organic compound, a pre-hydrolyzed metal alkoxide, and a
titanium alkoxide catalyst. The water component for hydrolysis and condensation of this recipe
was obtained from moisture in air when the system was cured at ambient conditions. For this
reason, the moisture-cured system usually must be cured at room temperature in a humid
environment (80% humidity) for 2-4 weeks.

Since Chapters 3, 5-7 of this dissertation will mainly discuss the f-DETA/TMOS coatings
developed by the one-step approdeiy.(2.2, the following sections will systematically
describe the experimental details of the six fundamental steps of this process. In fact, sol-gel
coatings derived from trialkoxysilylated organic compounds mentioned above were rather
similar in coating formulation and characterization, so many of the techniques/processes utilized
for the f-DETA/TMOS system were also adequate for the other systems mentioned above. The

details of those systems will be presente@apters @ands.



Table 2.1.

Some chemical reactions that were utilized in this research to attach —Si(@BJ)oups to organic compounds

Group A Group B Examples of Organic
No. (Organic Compounds) (Silanes) Products Compounds
1 -NH, -NHCONH(CH,);Si(OEt) Diethylenetriamine
OCN-(CH,):Si(OEty
2 -OH -OCONH(CH,)sSi(OEt)y Triethanolamine
3 -NCO HN-(CH,)sSi(OEt) -NHCONH(CH,);Si(OEt) Isophorone diisocyanate
o) P o
4 -NH, |>\/O\/\/S|(OMe)3 /N\)\/OWSi(OMe)3 Ethylenediamine
5 -CH=CH, H-Si(OEt) -CH,CH,Si(OEt); meldg?;f;gms;ig cubic
I\I/Ie l\l/le
6 w-Si—H CH,=CH-Si(OMe), " Si~CH,CH,SI(OMe), (H(CH,),SiO)Si
Me Me
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Fig. 2.2. A flowchart showing the six fundamental steps of the one-step approach for preparation of the f-DETA/TMOS sol-gel
inorganic-organic hybrid coatings.
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Hydrolysis and condensation

Inorganic-Organic Hybrid Materials

Fig. 2.3. Inorganic-organic hybrid materials based on triethoxysilylated diethylenetriamine
and tetramethoxysilane.
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2.2. TRIETHYOXYSILYLATION OF DIETHYLENETRIAMINE

The triethoxysilylation of DETA or preparation of f-DETA was the first step to prepare a
f-DETA/TMOS abrasion resistant coatingsd. 2.9. This step simply involved the reaction of
one mole of DETA with three moles of 3-isocyanatopropyltriethoxysilane (3-ICPHES (3.
However, the choice of the alcohol solvent might have an influence on the reactivity of the final
product since the triethoxysilyl groups in the system can react with the alcohol solvent by
transesterification. When f-DETA was first introduced by Wang and Wilkes int3,38&
reaction was carried out in 2-propanol. Their synthetic procedure was later adopted by
Betrabet>5, Werl4, Jordens®® with almost no modification. F-DETA used at the early stages of
this work was also prepared by this method and the following is the procedure for preparing this
compound.

A 250 ml flask was charged with 5.00 g of DETA (99% Aldrich) and 20 g of 2-propanol.
To this DETA solution were slowly added 39.3 g (ca. 5% in excess) of 3-ICPTES (95%, Gelest).
During the addition of 3-ICPTES, the solution was rigorously stirred and cooled by an ice bath to
avoid possible side reactions. After all the 3-ICPTES had been added, the mixture was stirred at
room temperature for another 12 hours and a 70 wt% solution of f-DETA in 2-propanol was
obtained. The f-DETA solution was stored in a closed container andvitbad a week after
preparation

Recent*C solid state NMR studies (discussedimapter 5 indicated that if the starting
f-DETA that was stored in 2-propanol for more than 3-4 weeks, the resulting coating had a
substantially higher concentration of 2-propoxy groups than similar coatings derived from
freshly prepared f-DETA. It was reasoned that, during storage, some triethoxysilane groups in f-
DETA had slowly reacted with the solvent 2-propanol and became 2-propoxysilane groups
(transesterification). 2-propoxysilane groups are less reactive towards hydrolysis and
condensation, and thus are more likely to remain in the final gel. For this reason, the 2-propanol
solvent was replaced by ethanol to avoid structural changes of functional groups associated with

transesterification. In ethanol, the f-DETA monomer was expected to maintain consistent
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reactivity if stored in a closed container. The following provides the details for the modified
triethoxysilylation procedure.

A 250 ml flask was charged with 5.00 g of DETA (99% Aldrich) and 20 g ethanol. Then
40 g (ca. 7% in excess) of 3-ICPTES (95%, Gelest) were slowly added to the DETA solution as
the mixture in the flask was rigorously stirred and cooled by an ice bath. After all the 3-ICPTES
had been added, the mixture was stirred for 12 hours and a 70% solution of f-DETA in ethanol
was obtained. Similarly, this product was stored in a closed container.

Ethanol is more reactive towards isocyanato groups than 2-propanol and hence it may
compete with the secondary amine group in DETA for 3-ICPTES. However, FTIR indicated that
the process only led to a trace amount of urethane (EtOCONHEIDEL)), indicating that
the reactivity of ethanol towards the isocyanato group is, as expected, much lower than that of

the secondary amine group.

2.3.FORMULATION OF F-DETA/TMOS COATING RECIPES

2.3.1.General Approaches for Coating Formulation

After preparation of f-DETA, the next step was to formulate -DETA/TMOS coating
recipes. Excluding the catalyst (usually only a small amount), a f-DETA/TMOS coating recipe
typically included four components: f-DETA, TMOS, water and an alcohol (either 2-propanol or
ethanol). In this quaternary system, f-DETA and TMOS are partially miscible with water, while
any other two components are infinitely miscible. Therefore, during coating formulation, extra
alcohol solvent was added so that the resulting recipe had a suitable balance between the "solids"
concentration, water concentration, and spreadability on bis-A PC substrates. To maintain a
sufficient “solids” concentration in a coating recipe, the combined concentration of f-DETA and
TMOS was controlled to 40-60 wt%. After hydrolysis, the recipe would have a solids

concentration of about 20-40 wt% since large amounts of methanol and ethanol were generated.
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The water concentration was modified in the range of 5-40 wt%. Generally, a lower water
concentration led to a lower extent of condensation and hence poor abrasion resistance of the
final coating. However, if it was higher than 40 wt%, the recipe would not spread on bis-A PC
substrates and consequently smooth coatings could not be formed.

The hydrolysis and condensation were mainly catalyzed by acid catalysts including
hydrochloric acid, phosphoric acid and acetic acid, which will be abbreviated in coating
nomenclature as HCL, HPO, and HAC, respectively. As sol-gel reactions are generally
considered to undergo specific acid catalysis or specific base catalysithe overall reaction
rate is mainly dependent on pH. However, the starting material f-DETA often included an
uncertain small amount of free amines, which could be from an excess amount of either f-DETA
or 3-ICPTES. Consequently, some acid catalyst would be consumed and accurate control of pH
was in fact not practical. If an excess amount of a weak or intermediately strong acid is used as
the catalyst, parts of the acid react with the residual amine to form an ammonium salt, which
forms a buffer system with the remaining acid, leading to stabilization of pH. With hydrochloric
acid, phosphoric acid (pK=1.3, pk2=7.21), and acetic acid (gK4.76) as the catalyst, which
are different in acidity strength, the pH of the coating recipe was controlled reproducibly to a
value within the range of 0-5.

A number of -DETA/TMOS coating recipes was formulated by adding various amounts
of water and TMOS to a fixed amount of a 47 wt% f-DETA solution in 2-propanol. These
formulae fell on the f-DETA4PrOH53-TMOS-water section in the f-DETA-TMOS-water-

'PrOH quaternary phase diagralfig( 2.4, where f-DETA4PrOH53 represents a 47 wt%

solution of f-DETA in 2-propanol. In this tertiary system (reshaped to an equilateral triangle in
Fig. 2.9, the two independent formulation variables can be represented by the TMOS
concentration and the equivalent ratip ¢f water to alkoxysilane. A third formulation variable

was introduced by changing the pH of the system. Changing the alcohol concentration leads to
deviation of composition from this f-DETA¥OH53-TMOS-water section. However, a slight
change in the solvent concentration generally does not lead to significant changes in the
performance of the final coating, so most experiments discussed in this dissertation are based on
compositions on the f-DETAJFrOH53-TMOS-water system.
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By the weight ratio of f-DETA to TMOS, the compositiongHig. 2.5can be divided into
a f-DETA50TMOS50 series (A, B, C, D, E), a -DETA3DS44 series (E), a f-DETA65
TMOS35 series (A1), and a f-DETAL00 sess (G, H1, J, K, L), which correspond to a gradual
change in the TMOS concentratiom the seies f-DETA50TMOS50 and f-DETA100,
compositions A, B, C, D, E and compositions GJ) H, K, L correspond to a chge d r from
0.55,1.1,2.2,3.3,t0 4.4 and 0.47, 0.93, 1.86, 3.72, 7.44, and 14.9, rebpeksivencreases,
both the f-DETA50TMOS50 and f-DETA100 series afpa from a horageneousystem to a
heterogeneousystem. Experiments showed that withravalue of 3.3 or 4.4 (Compositions A
and B), he f-DETA50TMOS50 recipe was heterogeneousweler, in the preenceof an acid
catdyst, thesystem quicky became homgeneous as the alkgsilane groups werkeydroyzed to
hydrophilic silanol groups. With different cdyats, the compositions shownkig. 2.5were
used to form abrasion resistant coatings on bisphenol-A, aluminum or brass substrates. The
influences opH, r, and the TMOS concentration on the opticalerties, morphalgy,
hardness and abrasion resistance of the final coating wildnsaticaly addresseth Chapters
3 and6.

IPrOH (wWt%)

f-DETA47PrOH53

TMOS (Wt%)

f-DETA (wt%) Water (vt%)

Fig. 2.4. The f-DETA-TMOS-water-PrOH quaternary system showing the sections f-
DETA47'PrOH53-TMOS-Water and f-DETA-water- 'PrOH.
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Since the f-DETA100 series Fg. 2.5does not have a constant f-DETA concentration, a
f-DETAL100 series was paredby adding various amounts of water to add amount of f-
DETA and maintaimg the total weght of the reqe unchagedby adjusting he amount of the
alcohol solvent. The compositions of both f-DETA100 and f-DETAHa€ies can be shown on
the f-DETA-water'PrOH sectionKig. 2.6 of the f-DETA-TMOS-waterPrOH quaterng phase
diagram.In both the f-DETA100 and f-DETA100’ serjesis gradudly changed from 0.47, 0.93,
1.86, 3.72, 7.44, and 14.9. Based on these compositions, the influght@mdr on the
morphology of f-DETA gels was studied and the details will be discussé&hapter 6

TMOS (Wt%)
0 %« 100

\n;\r\éasf‘[‘g//UMOS]

f-DETA50TMOS50
25 f-DETA56TMOS44
f-DETA65TMOS35

50

¥ 0 f.DETA100
75 100

f-DETA47iPrOH53 (Wt%)
Fig. 2.5. The ompositions of f-DETA/TMOS coating recipes studied in this dissertation.

Note this section is reshaped to an equilateral triangle and the phase equilibniulines are
only illustrative purposes and are not necessarily precise.

Water (wt%)
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Water (wt%)

100 —O— Fixing [f-DETA]/[alcohol]

0
—— Fixing [f-DETA]

Two Phase Region

r=14.9

r=7.44

r=3.72

r=1.86
r=0.93
0 r=0.47

0 25 50 75 100
Alcohol (wt%) f-DETA (wt%)

Fig. 2.6. The compositions of f-DETA gels studied in this dissertation. Note phase
equilibrium lines are only for illustrative purposes.

2.3.2.Nomenclature

F-DETA/TMOS coating recipes are generally named according to the weight percentage
of major components f-DETA, TMOS, water, and the alcohol solvent, and the concentration of
the catalyst in milimoles per kilogram of the recipe (excluding the catalyst). In the nomenclature,
the catalyst part is separated from the major components by a dash and the alcohol solvent is
usually not explicitly stated in the nomenclature. In fact, coating recipes usually only contained
trace amounts of the catalyst, so the contribution of the catalyst to the weight of the recipe could
be neglected. For example, the recipe f-DETA22TMOS22W31-HAC1E®irR.2represents a
system containing 22 wt% of f-DETA, 22 wt% of TMOS, 31 wt% of water, 25 wt% of ethanol,
and 140 mmol/kg of acetic acid catalyst.
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The nomenclature scheme addressedalmquite long, so a slthand based dyon
the weght percentagef f-DETA and TMOS with regard to the total wght of these two
components is sometimes used. Bareple, -DETA50TMOS50 repsents a recipe includg
equal amounts of f-DETA andVOS. However, due to thencertairty of this steme, the
synthetic pocedures forgch coathgs are also proded when thee recipes are adessed.
Generdly, f-DETA/TMOS sol-gel coatigs were rmulated as a taspart system: part A
was a mxture of f-DETA with TMOS in the solvent 2-propanol (or ethanol) and part B was an
aqueous solution of an acid dgtt. Coating recipes were formteéd by mixing given amounts
of part A and part B. After a period of pngdralysis, the resulting transparent sol was spin- or

dip-coated on chsen substratelsefore gelation occurred.

2.3.3.Examples of Coating Recipes

This section describes tipeeparation of catings f-DETA31TMOS31W5-HCL27, f-
DETA26TMOS26W19-HPO23, and f-DETA22TMOS22W31-HAC140. Thbsest regdes

correspond to compositions E, C, and Aig. 2.5 respectivel.

2.3.3.1.F-DETA31TMOS31W5-HCL27

This f-DETA50TMOS50 oating recpe has been usdxyy Wen,Jordens, and Wilkes to
prepare abrasion resistant coatings on substiacluding bis-A PC, CR39, aluminum, brass,
copper, andtainless steé#158159.161 To prepare this coating, a silane solution (part A) was
preparedy mixing 4 g of f-DETA solution (70 wt% in 2-propalp2.8 g of TMOS and 2 g of
2-propanol. Then to thisgorousy stirring silane solution was added 0.5 g of 0.5 M aqueous
hydrochloric acid (part B). Aftertte mixture had been stirred for 2-3 min. at room temperature, it
was spin-coed onto 3-APS treated bis-A PC substrates or degreased brass and aluminum
substrates before gelation occurred €& 5-15 min. at room temperature). The coated substra
usualy became nont&gy in about three hours in air at ambient conditions.
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2.3.3.2.F-DETA26TMOS26W19-HPO23

A silane solution (part A) was prepared by mixing 4 g of f-DETA (70 wt% in 2-
propanol), 2.8 g of TMOS, and 2 g of 2-propanol. Then 1 g of 0.25 M aqueous phosphoric acid
solution (part B) was slowly added to the rigorously stirring silane solution. After 10-15 min. of
pre-hydrolysis at room temperature, the resulting sol was spin-coated onto 3-APS treated bis-A
PC substrates or degreased brass and aluminum substrates before gelation qgcar2&d4@
min. at room temperature). The coated substrate became nontacky within 15-30 min. in air at

ambient conditions.

2.3.3.3.F-DETA22TMOS22W31-HAC140

A silane solution (part A) was prepared by mixing 4 g of f-DETA (70 wt% in ethanol or
2-propanol), 2.8 g of TMOS, 2 g of ethanol (or 2-propanol). An acetic acid solution (part B) was
prepared by dissolving 0.1 g of glacial acetic acid in 4 g of water (part B). To prepare the coating
recipe, the acetic acid solution was added to the silane solution and the mixture was pre-
hydrolyzed for 5-6 hrs. at room temperature, then spin- or dip-coated on 3-APS-treated bis-A PC
substrates or degreased aluminum substrates. This recipe had a gelation time of 8-10 hrs. at room
temperature. If diluted with 5 g of 50% aqueous ethanol solution (or 2-propanol), the gelation
time of this recipe could be extended to about 24 hrs. The dilute recipe had been used for dip
coating to obtain very smooth coatings on bis-A PC and aluminum substrates. With this coating
recipe, the coated substrate usually became nonstick within 15-30 min. at room temperature.

2.4.SURFACE TREATMENT OF SUBSTRATES

The adhesion between a substrate and a final sol-gel hybrid coating is strongly dependent
on physical/chemical conditions of the substrate. An untreated bis-A PC substrate usually had
poor adhesion to a -DETA50TMOS50 coating, but application of a 0.5 wt% 3-APS primer or

oxygen plasma treatment of the substrate could effectively promote the bonding between the
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interface of these two materizdsA hydrogen bonding mechanism was proposed to explain the
promotion of adhesion by the primer 3-ABSThe author has also proposed an aminolysis
mechanism to explain experimental facts that are difficult to explain by the hydrogen bonding
mechanisr#b3 and the details of this mechanism will be address&hapter 4

Experimentally, the primer 3-APS was applied onto bis-A PC substrates by wiping the
substrate with a filter paper soaked with a 0.5 wt% APS solution in 2-propanol. A more standard
method involved spin-coating a 5% 3-APS solution in 2-propanol (~500 rpm) on bis-A PC
substrates. After spreading a layer of 3-APS primer on the substrate, the treated substrate was
immediately heated at 125°C for 30 min. The two methods were equally effective, however, the
latter method formed coatings of better optical quality.

For metal substrates, a brief degreasing of the substrate with organic solvents such as 2-
propanol can ensure sufficient adhesion to a sol-gel derived coating. Sanding of the substrate
increases the surface roughness and creates a fresh metal surface, which can increase the
adhesion by promoting mechanical-interlocking and enhancing chemical bonding between the
substrate and the sol-gel coating, respectively. However, the sanding method also leads to
significant changes in the surface feature of the substrate. In this work, the aluminum and brass

substrates were only degreased with 2-propanol before being coated with the sol-gel coatings.

2.5.COATING FORMATION

Many coating techniques have been developed to apply coatings on articles of various
shape and dimensions. Brush coating, flow coating, and spray coating are easier to apply, but
usually have poor control of thickness. Sophisticated commercial dip- or spin-coating
apparatuses, however, can provide precise control over the coating thickness. Since the
solidification of sol-gel coatings is irreversible, some coating techniques may not provide good
guality sol-gel coatings. Even with sophisticated instrumentation, precise process control may be
still tricky since the viscosity of the sol-gel recipe increases progressively with the time because
of continuous silanol condensation. In this work, simple self-made spin- and dip-coating devices
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were utilized to form sol-gel coatings for abrasion resistance evaluation. Here spin- and dip-

coating processes and the related equipment are briefly described.

2.5.1.Spin-Coating

A spin coating apparatus usually includes a vertically installed motor, a protecting box,
and a horizontal plateau fixed on the vertical shaft of the motor. The substrate can be mounted
horizontally on the sample plateau. The spin coating process has been roughly divided by
Bornside et até4into five stages: deposition, spin-on, spin-up, spin-off and evaporation,
although solvent evaporation often accompanies the spin-up process. During the deposition
stage, an excess amount of the coating recipe is dispensed on the upper surface of the substrate.
In the following spin-spreading stage, the motor is started and the liquid flows radially outward,
driven by the centrifugal force. During this stage, excess liquid flows to the perimeter and leaves
as droplets. In the final stage, solvent evaporates and a thin layer of the coating is formed on the

substrate.

do/dt>0

—_—

DEPOSITION SPIN-UP

P / g
O Qf)m
‘ o s |ttt Ty
m ° I EVAPORATION
SPIN-OFF

Fig. 2.7. Different stages of the spin coating process. Cited from referenéé

For Newtonian liquids, which do not exhibit a shear rate dependence on the viscosity, the

spin coating process can result in a liquid layer uniform in thickffessowever, for shear
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thinning liquids, the lower shear rate experienced near the center of the substrate causes higher
viscosity and hence slightly thicker films there. In order to overcome this problem, some
commercial spin coating equipment employs a sophisticated dispensing system that compensates
for the thickness difference using a radially moving arm. Assuming the spin-off and evaporation
stages are separated, Meyerhfederived the following equations to predict the final coating

thickness and the total elapsed time to achieve this thickness for Newtonian fluids.

Pa,,, 3NmM

N = (1_L)(r]—2)1/3 Egn. 2.1
Pa 20, W

tfinal = tspin—off + hspin—off p/—\ /mpA Eqn 2.2

wherepa is the mass of volatile solvent per unit volupgjs its initial value, m is the
evaporation rate) is the viscosity of the fluid, and is the angular speed of the substrate.

The spin coating apparatus used for this work consisted of a Dayton 6K573 capacitor
start AC motor (3450 RPM at 110V), a Dayton 3PN101C variable auto-transformer, and a steel
protecting box. A stainless steel disk was horizontally fixed on the axis of the vertical motor as
the coating plateau. The substrate to be protected was mounted on the rotatable plateau and both
the plateau and the substrate were enclosed inside the protecting box. Liquid deposition was
carried out manually using a pipette. The spin rate was controlled to several hundred RPM by
adjusting the auto-transformer. The thickness of coatings prepared this way was adjusted by the
viscosity of the coating recipe and the spinning rate of the substrate. The latter was controlled by
the voltage of the transformer. With the recipes mention&ation 2.3.3the coating usually
had a thickness within 248n if the voltage of the transformer was adjusted to 30 V. The spin
coating process could be used to prepare a relatively large uniform coating using only 2-3 ml of
coating recipe or to prepare coatings from recipes that had a pot life as short as 5-10 min.
However, this technique was prone to form flow patterns on the coating surface if the recipe was
too viscous or too volatile. With a pot life of 15 min. to about 20 hrs., most coating recipes
discussed in this dissertation were formed on substrates using the spin coating device described

above.
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2.5.2.Dip-Coating

The dip coatig process is characterizey ilmmersirg a substrate in a coagjtath and
then pullirg it out in a controllable ay. This proces¢Fig. 2.8 can be conducted intatch
mode (A-E) as well as a continuous mode (F). The former mode is suitablgidasubstrates;
while the latter one is convenient for coating flexible fibers and films. Ttod Ib@ode consists
of five stages including immersion, start up, deposition and drainage, drainage, and evaporation.
The continuous mode is similar, however, it has a separate immersion stage and the deposition

and drainage stages aneedapped.

Immersion Start-Up Deposition & Drainage
DIP COATING

N
R

W

(7) (B) (©)

Drainage Evaporation Continuous
g OO’
o 0 TN
,,,,,,,,,,,,,,,,,,,, B

(F)

Fig. 2.8. Different stages of the dip coating proce¥s: (A-E) Batch; (F) Continuous.

For Newtonian liquids, the coating thickness (h) by the dip coating ggneeglends on
the liquid viscodly (n), the pulling speed of the substrate (U), the liquid diid), and the
surface tensiony(y). In cases when the substrate speed and the liquid viycas not igh, the

coating thickness ay be predicted from Eqn. 29.
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For deposition of sol-gel film, the dependence of the viscosity on the shear rate and

Egn. 2.3

solvent evaporation has significant influences over the coating thickness. The solvent
evaporation in turn depends on the partial pressure of the solvent in the coating chamber and this
may be controlled in the commercial coating apparatus. Convection inside the coating chamber is
also a factor influencing the coating thickness. Brinker and Ahieyestigated the relationship
between the film thickness and withdrawal speed for a variety of silicate sols with precursor
structures ranged from rather weakly branched “polymers” to highly condensed particles. The
coating thickness was found roughly proportional to the expected 2/3 power of the withdrawing
speed of the substrate.

A simple dip coating equipment contains a coating sink and a pulling system to control
the pulling rate of the substrate. The coating sink employed in this work was 1 cm wide, 10-15
cm long and 15-20 cm tall. The sink size was so designed that large dimension substrates might
be coated using a relatively small amount of fluid. The substrate was usually pulled manually
from the coating bath. The recipe f-DETA22TMOS22W31-HAC140 was dip-coated on bis-A
PC and aluminum substrates. For this purpose, The recipe -DETA22TM0OS22W31-HAC140
was pre-hydrolyzed for 6 hrs., then diluted with a 50 wt% 2-propanol aqueous solution to 2/3 of
the original concentration. Coatings prepared by this method wegar8tBick after curing.

The dip coating process is very appropriate for coating a large number of substrates.
However, the method requires a relatively long pot life of the coating recipe. Most coating
recipes developed in this work were not suitable for dip coating because of the limited pot lives.
The requirement of a large amount of coating fluid also limited the use of this technique. For
example, to use the coating sink mentioned above to coat a 3.5x3.5ubskrate, 100 ml of
coating was required for dip-coating, while for spin coating, only 2-3 ml was required. However,

the dip coating process usually provided very smooth coating surfaces.
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2.6. THERMAL CURING

Thermal curing of the coating was controlled by a temperature-time profile. The selection
of curing temperature depended on the balance of the thermal stability of the sol-gel coating and
the substrate. For polymeric substrates, the curing temperature should be ca. 20°C below the
glass transition temperature of the polymeric substrate to maintain the dimensional stability. For
metallic substrates, however, the curing temperature depended on the thermal stability of the sol-
gel coating. The f-DETA/TMOS coating usually turned slightly brownish after several hrs. of
curing at 180°C in air, so the highest curing temperature of this coating formula was limited to
175-180°C. The highest curing temperature and the related curing time were the most important
variables during this stage. Their influences on the hardness and abrasion resistance of the final

gel will be discussed i€@hapter 3

2.7.CHARACTERIZATION OF THE COATING

2.7.1.Measurement of Coating Thickness

The coating must have a proper thickness (usually2v6to provide sufficient abrasion
resistance, so a method for coating thickness measurement is required. The coating thickness was
estimated using a well-calibrated scanning electron microscope. In order to have a sectional view
of the coating, a small piece of the substrate was mounted with the section (sputtered with gold
to acquire electronic conductance) facing the incident electron beam.

Figure 2.8shows coating fragments on the section of a coated bis-A PC substrate. The
coating fragments observed by SEM were formed when the substrate was cut to a certain size
(ca. 0.5%0.5 cnf). The SEM image indicates that the thickness of this coating is about 3 microns.

Generally, the thickness of the coatings prepared by spin- or dip-coating processes mentioned
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earlier was in the range of 2-10 microns. The thickness varied with the solid concentration and

pre-hydrolysis time of the coating recipe.

- r

Fig. 2.9. The estimation of coating thickness by scanning electron microscopy

The refractive index and thickness of a coating may be measured concurrently via a
Metricon 2010 instrument. The instrument includes a 633 nm laser, a high refractive index prism
(n=1.80 or higher), and a photodetectaig( 2.1Q. During the measurement, the test film is
pressed against the prism by a coupling head so that the film is brought into close contact with
the base of the prism. A laser beam is incident on the interface between the prism and the film
from the prism side and is reflected into photodetector. During the measurement, the intensity of
the reflected beam (l) is recorded as a function of incident a@)gla €harp change in the
intensity of the reflected beam can be detected at the critical angle for total internal reflectance,
from which the refractive index can be calculated. In this operation, the instrument functions as a
normal Abbe refractometer. For a bilayer of different refractive indice (e.g. a coating on a thin
substrate), the light reflected from the interface between the prism and the coating can interfere
with the light reflected from interface between the coating and the substrate. Hence, an
interference pattern may be recorded. The refractive index and coating thickness can be
calculated concurrently according to thealues corresponding to the intensity minima, where
the two reflected beams cause destructive interference. The method is generally effective if: 1)
the coating is about 0.48-16n (depending on the refractive index of the film, the substrate and

the prism) and 2) the coupling between the prism and the coating is strong.
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Inorganic-organic hybrid coatings based on f-DETA and TMOS usually had a refractive
index in the range of 1.55-1.50, which was very close to that of bis-A PC substrate (1.58). The
refractive index and thickness had not been measured successfully for a f-DETA/TMOS coating
on the polycarbonate substrates (1/16 inch thick) because of the small gap in refractive index
between the coating and the substrate and poor coupling between the coating and the prism. The
thick bis-A PC substrate often prevented a close coupling between the prism and the coating.
With aluminum foil as a substrate, however, both refractive index and coating thickness were
measured concurrently. Free sol-gel films were also used for refractive index measurement and
in this case, only the refraction index could be obtained.

Figure 2.11shows interference patterns recorded for two pieces of aluminum foil spin-
and brush-coated with an f-DETA22TMOS22W31-HAC140 recipe, respectively. In the case of
brush coating, the coating had a rather smooth surface and hence good coupling with the prism,
SO0 many minima are detected. Calculation based on these minima yielded a refractive index of
1.506 and a coating thickness of frd. Their standard deviations for these two parameters were
also be provided by the calculation although the results are not stated here. Since only two
minima were detected for the spin-coated sample owing to the relatively poor smoothness of the
coating and hence poor coupling, calculation only gave a refractive index of 1.506 and a coating

thickness of 2.um.

Laser Photo

Light Detector
Film —>| //
Substrate—> | |

Coupling Head

Pressure

Fig. 2.10. Principal components in a Metricon 2021 instrument.
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Fig. 2.11. Measurement of refractive index and thickness of a -DETA22TMOS 22W31-
HAC140 coating (n=ca. 1.506) on aluminum foil.

2.7.2.Evaluation of Adhesion

Adhesion between the coating and the substrate is of great importance to the success of a
protective coating. Without sufficient adhesion, a coating of excellent properties in terms of
resistance to weather, chemicals, scratches, or impact would be meaningless to the substrate.
Therefore, it is necessary to establish a method for adhesion evaluation. In this work, the cross-
cut test described by ASTM standard D 3359-87 was used to estimate the adhesion between sol-
gel hybrid coatings and bis-A PC substrates.

In this test, two perpendicular sets of equidistant parallel cuts % inch (20 mm) in length
and 1 mm apart (note sol-gel coatings in this work was gaithick) were made using a sharp
razor blade on cured defect free sol-gel coatings. As required, all the cuts must be made in one
steady motion using a sufficient pressure to cut to the substrate, and any detached flakes or
ribbons of coatings were removed by a soft brush and tissue. The tape test was carried out using
a 1-inch (25 mm) wide Scot@semitransparent pressure-sensitive tape. Two complete laps of
tape were removed and discarded. An additional length was removed at a steady rate and a 3-

inch (75 mm) long piece was cut. The center of this tape was placed on the grid and smoothed
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into place by a finger. To ensure good contact with the film, an eraser on the end of a pencil was
used to rub the tape firmly. Within 90 = 30 seconds of application, the tape was removed by
seizing the free end and rapidly pulling it off as close to an angle of 180° as possible. Then the
grid area was checked for removal of coating from the substrate using the illuminated magnifier
and the adhesion was rated according to the following scale illustrated in Table 2.2. The test was

then repeated in two other locations on each test panel and the number of tests, their means and

range were reported.

Table 2.2. Classification of Adhesion Test Results

Surface of Cross-Cut

]

None :
o

|

Greater than
65%

W

Classification

5B 4B

3B 2B

1B 0B

5B: perfect adhesion

4B-3B: acceptable adhesion
2B-0B: adhesion needs improvement.

Table 2.3 lists adhesion test results between 3-APS treated bis-A PC substrates and f-
DETA/TMOS sol-gel coatingsSection 2.3 These coatings generally exhibited an adhesion
rating of 3B-4B on the tested substrate by cross-cut test (ASTM standard D 3359-87)

Table 2.3. Adhesion of f-DETATMOS coatings on bis-A PC substrates

Coating formulae

f-DETA31TMOS31
W5-HCL27

f-DETA26TMOS26
W19-HPO23

f-DETA22TMOS22
W31-HAC140

Primer

0.5 wt% 3-APS

0.5 wt% 3-APS

0.5 wt% 3-APS

Curing condition

125°C/ 4 hrs.

125°C/ 4 hrs.

125°C/ 4 hrs.

Adhesion Rating* 40B 40B 3B
Number of Tests 3 3 3
Range of Adhesion 4B 4B 3-4B

* ASTM Standard D 3359-87



Chapter 2 88

2.7.3.Evaluation of Abrasion Resistance

Abrasion resistance of a substrate or coating is rated by the changes of weight, optical
properties or surface features incurred by a well-controlled surface interaction. These surface
interactions are usually accomplished via steel wool abrasion, Taber abrasion (ASTM D 1044 or
ISO 3537), sand impingement (ASTM 673 or DIN 52348 E), scratch testing, and pencil hardness
testing (ASTM D 3363). However, experimental results based on different methods may be
incompatible because the mechanism of surface damage varies with the testing methods.

In this work, abrasion resistance of sol-gel coatings was evaluated according to the
transmittance or surface damage caused by a specified Taber test. The following sections briefly
introduce the ASTM standards for Taber test and haze measurement of optical polymers, then
focus on the experimental methods employed for transmittance measurement and microscopic

analysis.

2.7.3.1.Standard Taber Abrasion Test

The Taber Abraser from Taber Industries is one of the industry standards used in the
wear and durability testing of ceramics, plastics, textiles, metals, leathers, rubbers, painted,
lacquered and electroplated surfaces. Specifications for this test have been stipulated by
standards organizations such as ASTM, ISO and'8IMSTM standard D 4060-95 describes
the abrasion resistance test of organic coatings by the Taber Abraser. This test requires the
organic coating to be applied at uniform thickness on a smooth rigid plane. The sample can be
either a disk 4 inch (100-mm) in diameter or a plate 4 inch (100-mm) square and with a ¥-inch
(6.3 mm) hole centrally located on each panel. After curing, the surface is abraded by rotating
the panel under a pair of loaded abrasive wheels. The abrasion resistance is calculated as loss in
weight in a specified number of abrasion cycles, as loss in weight per unit cycle, or as number of
abrasion cycles required to remove a unit amount of coating thickness. The recommended
abrasive wheels are CS10 (mild) or CS17 (harsh) resilient calibrase wheels. However, CS10F
(very mild) resilient calibrase wheels are also widely used. These abrasion wheels are 0.5 inch

(1.27 cm) thick and contain rubber bonded alumina particles. Due to age hardening of the rubber
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bonding material, the wheels should not be used after the manufacturer's suggested expiration
date. To maintain a similar surface condition for each test, the abrasion wheels need to be

resurfaced with an S-11 abrasive disk for 50 cycles before testing.

Abrading wheels

Coating
f/
| // \
Wear track Substrate

Fig. 2.12. lllustration of the Taber abrasion test.

2.7.3.2.Standard Optical Test for Abrasion Resistance of Transparent Plastics

The abrasion resistance of transparent plastics or optically transparent coatings on these
plastics can be measured by changes of haze and transmittance incurred by a specified abrasion
test on the surface. ASTM standard D 1044-94 describes a standard test method that judges the
abrasion damage by the percentage of transmitted light (percent haze) which, in passing through
a Taber track described by ASTM D 4060-95, deviates from the incident beaspbygified
angle CS10F Calibrase wheels are recommended for the Taber test.

The percent of haze is calculated by the ratio of diffuse transmittance to the total
transmittance (Eqn 2.4). According to the ASTM standard, the light diffused from the surface of
a Taber track only deviates from the incident beam by a narrow angle, while light diffused
internally by a specimen deviates from the incident beam by a wide &gl@..3. ASTM
Standard D 4060-95 requires that only the light flux deviating more than 0.044 rad (2.5°) on the
average be considered in the assessment of abrasive damage and that the hazemeter used for such
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measurement of haze meet the requirements described by ASTM standard D 1003. Normal
hazemeters have a larger field angle (a large aperture), which allows light deviating more than
the specified angle to enter the detector. Consequently, these instruments often yield a lower
haze reading than a standard hazemeter for the same sample.

Haze= Intensn_yOf D|1°fuseTransrT_1|tta\1cexlo(p/0 Eqgn. 2.4
IntensityOf TotalTransmittace

Statistical analyses based on a round of experiments, involving six materials tested by six
laboratories, are also reported in ASTM Standard D 1044 regarding repeatability and
reproducibility of the described test method. The results showed that experiments based on the
same operator, the same equipment and under the same test condition are quite repeatable;
whereas experiments based on different operators, different equipment and different test

conditions exhibit some deviations.

2aaan [ Light esmleis

Ui detecier

1
X
a0 | ﬂ

i

LG |

10 -

RELATIVE THAHSMITTAHCE FRCTOR

AHGLE OF VIEW

Fig. 2.13. Light scattering from the surface of Taber abrasion tracks (quoted from ASTM
Standard 1044-94)



Chapter 2 91

2.7.3.3.Evaluation of Abrasion Resistance in this Work

The abrasion resistance of sol-gel derived coatings was rated according to the
transmittance of the Taber track incurred by a specified Taber test. The testing procedures
complied with those utilized by Betrabetand Wea4, but deviated from the ASTM standards
in selection of abrading wheels and optical instrument. These modifications were utilized to
make use of existing equipment as well as to help to differentiate the abrasion resistance between
various sol-gel derived coatings. The following paragraphs provide the experimental details for
the Taber test and transmittance measurement utilized in this work.

The Taber abrasion test generally involved a pair of CS10 wheels rather than the CS10F
wheels (milder than CS10) recommended by ASTM standard D1044-95 although the latter
wheels were also used in some cases for comparison. It was hoped that the use of “harsher”
CS10 wheels would help to amplify the difference of abrasion resistance between various sol-gel
derived coatings. Unless otherwise specified, a typical Taber test usually involved a 500-gram
load per wheel and 500 cycles of abrasion. The spacing between the two abrasion wheels was 1
inch (2.54 cm). The sample size was generally 3.5x3.5 {@c®x8.9 crf) for bis-A PC
substrates, and 3x3 irfcfy.6x7.6 crf) for metal substrates.

The transmittance measurement was conducted on a Shimadzu-9000 photometer, which
does not comply with the requirements of ASTM standard D 1003. The distance from the sample
to the detector was about 5.1 cm in this instrument. The test utilized a 420 nm light beam
(0.4x10 mn in size) to scan across the Taber track rather than to use incandescent light to
illuminate the Taber track like in ordinary hazemeters. As the light beam scanned radially across
the wear track, the absorbance of the sample was recorded as a function of scanning distance.
The absorbance of wear track was calculated as the absorbance difference between the Taber
wear track and the unabraded regions on both sides of theRigcR.(4. Conversion between

transmittance and absorbance was carried out using Eqn 2.5.
Transmittace=10""°"" x100% Eqn. 2.5

In principle, a Shimadzu-9000 photometer can detect a minimum absorbance of 0.001,

which corresponds to a transmittance of 99.8%. However, due to the background noise from the
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coating and the substrate, the absorbance measurement often has quite large uncertainties if the
transmittance is within 99-100 %. To differentiate the abrasion resistance for a sample series, the
Taber test should involve a sufficiently large number of abrasion cycles so that the coating
samples lose at least 2% transmittance during the test. After the test, the Taber track must be
inspected to see if the abrasion damage is mostly limited to the coating. In case of significant
substrate damage, the transmittance value of the Taber track does not correspond to the real

abrasion resistance of the coating.

Coating & Substrate

|

Wear Track

Light beam
0.4x10 mm?

4

Scan direction

Fig. 2.14. Absorbance or transmittance measurement of a Taber wear track.

Figure 2.15shows absorbance curves obtained by scanning a 420 nm (purple) or a 633
nm (red) light beam across a Taber track on a bis-A PC substrate with a f-DETA100 coating. The
Taber track was caused by 500 cycles of abrasion using a pair of CS-10 wheels, each with a 500-
gram load. The beams size for the absorbance measurement was 0.ZxThenrasult
indicates that the absorbance of the red light beam by the wear track was only about 90% of the
absorbance of the purple light. Note the “absorbance” measured here was actually caused by the
scattering of light by defects on the Taber track. If the Rayleigh’s law held in this circumstance,
the intensity of scattered light would be inversely proportional to the fourth power of the

wavelength X). Therefore, under the same conditions, red light should be scattered to a lower
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degreehan purpleilght and hace hae a lower “®sorbance”, which is in accord with the
experiment. To have bettsensitivity, the 420-nm light was genenalutilized to evaluate the
abrasion resistee of sol-gel derived coatys.

The influence of the beam size on the absmbaneasurement was also studiédure
2.16shows absorbancerrves obtainedby scanning ailght beam (4@-nm in wavelagth) of four
different sizes across the fBex track decribed inFig. 2.15 The fourbeam sizes included 0.2 x 1
mn?, 0.4 x 0.4 mm 0.4 x 10 mrhand 0.4 x 16 mf According to these cues, a smallebeam
size tended to read the absartx@value for each scratch, whereadarger beanyielded an
average readg for each beam-size region adpthe scanmg path. Since the abrasion resistance
is ratedby the average haze or transmittance rather than individual scratch of the Taber Track, a

beam size of 0.4 x 10 nfrvas generdy selected for transmittance measurement.

Absorbance

5.00 T12.00 T18.00 T2a.00 mm
aB5CISSA 5 X 8 ORDINATE 3 % 32

A = 420 nm DATA = -0.152
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Fig. 2.15. Absorbance curves obtained by scanning of a 42 m@and a 633 m light beam of
0.2 x 1 mnf in size across a Taber track on bis-#C substrate with a f-DETA100 coating.
The Taber track was created by 500 cycles of abrasion using a pair of CS-10 wheels and a
500-gram load per wheel.
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Fig. 2.16. Absorbance curves obtained by scanning 420 nm light beams of 0.2 x 170
x 0.4 mnf, 0.4 x 10 mm, and 0.4 x 16 mrin sizes across the Taber track mentioned in

Fig. 2.15

2.7.3.4.Microscopy Methods for Evaluation of Abrasion Resistance

The optical test method discussed above is established on the relationship between the
haze or transmittance and the extent of surface damage of a Taber track. Both optical microscopy
and scanning electron microscopy allow direct observation of the damage incurred by a specified
Taber test and hence can be utilized to compare the abrasion resistance for a set of substrates or
coatings. Statistical analysis of the specks and scratches on a Taber track, in principle, may
enable quantitative evaluation of abrasion resistance. Optical microscopy (both transmission and
reflection images) and scanning electron microscopy (secondary electron images) were used in
this work. The advantages and disadvantages of these methods for abrasion resistance evaluation

were compared using f-DETA/TMOS or f-DETA/Silica coatings as examples.



Chapter 2 95

2.7.3.4.1Optical Microscpy

When a light beam is incident on a Taber track, specksaadhes on the substes
causeilght scatteng. Except a few large specks or wide and deep scratches, thetynajf
defects on a Taber tracklgrcause sght deflection ofilght, so most transmitted or scattered
rays can pass through the light path of a transmission microscope without obstruction. Therefore,
under this imagig mode, minor defects on Taber trabktiave somedw like phase ofects,
which show phase contrast but no amplitude contrast. Under an ideal optical situation (no
spherical deiation, chromatic deation and stigmatism), such geaobjects should exhibit no
contrast in amn focusimage. However, underighty defocus condition, these phase obgezan
be revealed andh¢ image contrast is proportional to theadeis value. Largepecks orscratdes
on Taber tracks cause large deflectiongi, which nay be bbcked from imagig, and hence
those defects can show obvious amplitude contrast and can be revealedumderies
condition. For this reason, transmission optical micrpgd® generdly more sensitive to large
specks or deeper and wider scratches.

Figure 2.19shows the transmission optical micrographs of the Taber tracks on an
uncoated bis-A PC substrate after 50 (A), 150 (B), 300 (C), and 50fy¢[@} of abrasion.
These Ther tests involved pair of CS10 wheels, each with a®d@ram load. Acording to
these miaographs, te surfacelamage within the earlier 15§clesof abrasion was maly due
to the formation of scratchéy a micro-plowirg or micro-cuttirg mechanisngFig. 2.18.
However, after ca. 300 cycleSabrasion, new scrates were drmed mainy by removal of old
scrattes, and hace the wear should be pgrtausedy a micro-faigue metanism Fig. 2.19.

Figure 2.20shows the transmission optical micrograpirsttie Tder tracks on a bis-A
PC substrate with a f-DETA26TMOS26W19-HPO24ting after 50 (A), 150 (B), 300 (C), and
500 (D)cycles of &rasion. The Tabdests were carried out under the same condition as in the
case @Similaﬂy, these micrgraphs reveal that the detysof scratches on the wear
track increases with the number of abragigries. Compared to thexcoated bis-A PC

substrate, this coated substratfesed from faress surfacdamage after theame numbeof

abrasiorcycles, indicating the abrasion resistance of the substrate was bolstéhedsol-gel
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coatirg. Unlike the unco@d PC substrate, the wear of the gellcoatirg was maihy causedy
a micro-cracking mechanism rather than a micro-plowing or micro-c\figg2.19.
In general, the transmittance of the substratallysdecreaed exponentialy as the
number of abrasioaycles increased becsailater scratwes were increasgly causedy removal
of old scratches. This tendgnis shownm Fig. 2.17 using a set of bis-A PC substrates that were
either uncoted or oated with f-DETA/TMOS coatigs.
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Fig. 2.17. The trarsmittance of Taber tracks as a function of the nmber of abrasion cycles.

The substrates for these tests were bis-RC. Abrasion tests involved CS10 wheels and a
500-gram load per wheel.
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Fig. 2.18. Mechaniss for material removall6®,

To evaluate the abrasion resistanteoatings on metal substrates, reflection micrggco
was used sincdai¢ metal substrates are not optically tpament. e sol-gel catingsdescribed
here were uslly transparent, and hee the arface feature of metal subdiea often interfered
with the observation of the Taber tracks. However, the vaira the surface feature die
metal substrate dung a weatest could also indirelst reflect the abrasion resistamafea coating
and two @periments discussed Chapter 3are baed on this technique. The interference of
surface features of the substrate was succégshithimized ly sputterirg a gold ayer on the
wear track uder stuly. By doing this, the smooth undamaged area became a mirror, which
reflected incident light back to form bright images. Whereas defects such as scratsbes cau
diffuse scatteringf the incidentilght, so most of reflectedght was blockedtby the entraice port
of the objective lens and hence dark images weredd for hese defects.¥periments
indicated that sputtering a golay/er on the Ther track could iginificanly enhancehe image
contrast of the Taber track. Transpareryp@r substrates were also sputtered withyarlof
gold and studiedy reflection microscpy. Using this method, minor scratches could be bear
observed on a Taber track that showed a transmittance of up to 99%.

Figure 2.21provides a direct comparison of Taber trackssediby CS10 and CS10F
wheels on bis-A PC substrates with a -DETA22TM0OS22W31-HAC140rgpdiihe abrasion
tests involved a 500-gram |1oad and 500 (ogcaphs A and Byr 1000 (micographs C and D)
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cycles of abrasion. After thesests, all substrates maintained a transmittance of ca. 98%. Under
reflection optical microsquy, however, a great number of minor sciaés on the wear track was
imaged. With the saméeasion wheels, the Bar tracks casedby 1000cycles of &rasion, as
expected, showed adher dengy of scratties than the tracks csadby only 500cyclesof

abrasionIn addition, these micrographs also indicate that the CS10 wheels were prone to cause
deeper and wider scratches on the ogdtnan the CS10F heels. Cledy, this agreed with the

claim of the manufacturer about the ttypes of wheels.

2.7.3.4.2Scanning Electron Micszopy

Compared to optical microspg, scanning electron microgop (SEM) has the
advantges of hgh spatial resolution and large depthield, so it is widby utilized for
morpholay and fracture surfacendysis. Here rdection optical miangraphs and seconda
electron micographs of thsame Téer tracks are copared.

Figure 2.22shows reflection optical miographs and secdary electron micographs of
Taber tracks on amaoated bis-A PC substrate and a bis-A substrate with a f-D80uADX42
coating. he recipe f-DETABLudox42 was méde of 58% of f-DETA and 42%f Ludox
colloidal silica (see itChapter 7or ddails). The abrasion tests utilized CS10 wheels and a 500-
gram load per wheel. The unted substrate was abraded 20 cycles while the cated
substrate washaaded for 500cycles. The SEM miagraphs geeraly exhibit much lower image
contrast for scrates than the reflection optical magraphs, especiai for shallow scratches.
According to these results, it is concluded that reflection optical saigpg should be a better

tool for Taber track argsis of hghly abrasion resistant coadgs.



Fig. 2.19. Transmission optical micrographs of the Taber tracks on an uncoated bis-A PC substrate after 50 (A), 150 (B), 300
(C) and 500 (D) cycles of abrasion. CS10 wheels and 500-gram loads were used in the tests.
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Fig. 2.20. Transmission optical micrographs for the Taber tracks on a bis-A PC substrate with a f-DETA26TMOS26W19-
HPO24 coating after 50 (A), 150 (B), 300 (C), and 500 (D) cycles of abrasion. CS10 wheels and 500-gram loads were used in the
tests.
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Fig. 2.21. Reflection optical micrographs of Taber tracks on bis-A PC substrates with f-DETA22TM0OS22W31-HAC140
coatings. Test conditions were (A) CS10F wheels, 500 cycles; (B) CS10 wheels, 500 cycles; (C) CS10F wheels, 1000 cycles; and
(D) CS10 wheels, 1000 cycles. All tests had a 500-gram load on each abrasion wheel.
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Fig. 2.22. Reflection optical micrographs and secondary electron micrographs of Taber tracks on bis-A PC substrates: (A) and
(C): uncoated, 20 cycles of abrasion; (B) and (D), with f-DETA58Ludox42 coating, 500 cycles of abrasion. CS10 wheels and
500 g loads were used in the tests.

102



CHAPTER 3. ABRASION RESISTANT COATINGS DERIVED FROM
TRIETHOXYSILYLATED DIETHYLENETRIAMINE AND
TETRAMETHOXYSILANE

3.1.INTRODUCTION

During the past few years many inorganic-organic hybrid materials have been developed
as protective coatings to improve the abrasion resistance of optical polymers like bisphenol-A
polycarbonate (bis-A PC) and poly(methyl methacrylate) (PMMAY-14.16,17,144,145These
hybrid materials were generally prepared by hydrolysis and condensation of trialkoxysilylated
organic compounds and metal or semi-metal alkoxides. The earliest and most extensively studied
trialkoxysilylated compound has been f-DETA, the reaction product of one more of
diethylenetriamine (DETA) with three moles of 3-isocyanatopropyltriethoxysilane (3-ICPTES).

F-DETA was originally introduced in 1991 by Wang and Wilkes to develop abrasion
resistant coating$-13 Later, it was found that the hardness and abrasion resistance of the f-
DETA coating could be increased by incorporation of tetramethoxysilane (TWIO&g f-
DETA/TMOS sol-gel coating was applied on a number of substrates including bis-A PC, CR39,
aluminum, brass, copper, stainless steel and common carbdh8ste®161 Good abrasion
resistant coatings were obtained on all these substrates with the exception of common carbon
steel. Although sol-gel coatings based on f-DETA and TMOS have demonstrated very good
abrasion resistance, the f-DETA/TMOS system is still far from fully developed. For example,
prior to the author’s work, the sol-gel coatings were generally hydrolyzed and condensed in a
strong acid medium with a deficient amount of water. Under this condition, the recipe only had a
gelation time of 5-15 min., which makes it inconvenient for many coating operations.

This chapter attempts to address the influence of the formulation and processing variables

on the gelation time, hardness and abrasion resistance of the coatings. By systematically
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modifying pH, the concentration of TMOS and water, curing time, curing temperature, the
author hopes to find recipes that not only have a longer gelation time but also lead to better

abrasion resistance.

3.2.EXPERIMENTAL

3.2.1.Materials and Surface Treatments

Diethylenetriamine (DETA, 98%), 3-aminopropyltriethoxysilane (3-APS, 99%),
tetramethoxysilane (TMOS, 99+%), and 3-isocyanatopropyltriethoxysilane (3-ICPTES, 95%)
were purchased from Aldrich Chemical Company and used without further purification. DETA
was triethoxysilated in a 2-propanol solvent using 3-ICPTES according t&*\Afeahthe f-

DETA product prepared by this method was a 70 wt% solution in 2-propanol. To minimize
transesterification between the ethoxysilane group and 2-propanol, this material was used within
a week after preparation.

Bis-A PC sheets 3.%3.5” in® in size (LexaH, GE) were purchased from the Atlantic
Plastics Company. APEC HT93580lycarbonate sheetsx®” in?were kindly provided by the
Bayer Corporation. It is a copolycarbonate including 35 % of bisphenol FWC3.1) and 65
% of bisphenol-A, and has a glass transition temperature of ca. 184°C. Both the bis-A PC and
APEC PC substrates were treated with 0.5 wt% 3-APS to improve their adhesion to the sol-gel
coatings. Brass substrates<3” in’were obtained from the McMaster Carr Company.

Aluminum substrates 46” in®were purchased from the Q-Panel Company. The metal

substrates were simply treated by degreasing with 2-propanol.
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Fig. 3.1. Molecular structure of bisphenol TMC (1,1-bis(4-hydroxyphenyl)-3,3,5-trimethyl-
cyclohexane)

3.2.2.Formulation of Coating Recipe

As introduced earlier ichapter 2f-DETA/TMOS coating recipes were formulated
using f-DETA, TMOS, water, an acid catalyst and a 2-propanol solvent. The acid catalyst was
hydrochloric acid, phosphoric acid, or acetic acid, which will be represented in the coating
nomenclature as HCL, HPO and HAC, respectively. The nomenclature of the coating recipes is
based on the coating components and their concentrations. The concentration of each component,
excluding the acid catalyst, is stated as its weight percentage with regard to the total weight of f-
DETA, TMOS, water and the solvent, while the catalyst concentration is stated as millimoles per
kilogram (mmol/kg) of the recipe excluding the catalyst. In the nomenclature, the catalyst part is
separated from the major components by a dash and the solvent content is usually not explicitly
stated. For example, recipe f-DETA30TMOS30W5-HCL27 contains 30 wt% f-DETA, 30 wt%
TMOS, 5 wt% water and 35 wt% 2-propanol and the concentration of hydrochloric acid
concentration is 27 mmol/kg. Since this nomenclature scheme does not explicitly reflect the
stoichiometry between the water and the alkoxysilane components, the equivalenj cdtio (
water to alkoxysilane is also provided when addressing the influence of water on the abrasion
resistance of the final coating.

Table 3.1lists six typical f-DETA/TMOS coating recipes, along with theratios, pHs
and gelation times. Since the sol-gel reactions are generally considered to undergo specific acid
catalysis or specific base cataly8i&52 the reaction rates should be mainly dependent on pH of
the system. However, the starting material f-DETA often included an uncertain small amount of
free amines, which could be from an excess amount of either f-DETA or 3-ICPTES.
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Consequelhy, some acid dalyst wouldbe consumed and accuratatrol of pH would be in
fact impractical. For this reason, pH was controlled using acids of differertyasti@ingthln
the presece of an gcess amount of a weak intermediatky strang acid, part®f the acid
readed with the residual ame to form an ammonium salt, which constituted a bigfetiem
with the remainig acid, thus leadito stabilization of pHBYy usirg hydrochloic acid,
phosphoric acid, and acetic acid, pHhe mating recipe was reprodutjbcontrolled to the
range listed iMTable 3.1 Experiments indicated that sol-gel reactions of f-DETA/TMOS
coatings within pH 0-5 provided transparent sols that could form smooth sol-gel coatings. A
further increae in pH usudy led to a silica precipitate or a sol inapprof@itor makng smooth
transparent coatgs. Table 3.lindicates that thgelation time of the f-DETA/TMOSystem
decreases pgressivéy as pH ncreases in the nge ofpH 0-5. This is in contrast to the umniya

TMOS or TEOS gstem, which usub} exhibits a maximungelation time at ca. pH2

Table 3.1. F-DETA/TMOS coating recipes and their gelationitnes and pH.

Formulation r Ratio GelationTime pH Value*
f-DETA30TMOS30W5HCL27 0.55 3-5min. 0.4-0.5
f-DETA22TMOS22W31HCL20 4.4 7 min. 1.71.9
f-DETA26TMOS26W19HPO23 2.2 20-30min. 2.62.7
f-DETA22TMOS22W31HPO20 4.4 30-45min. 2524
f-DETA22TMOS22W31HAC140 4.4 6-8 hrs. 4.24.0
f-DETA22TMOS22W31HAC20 4.4 ~12 hrs. 5.25.1

* Measured lg a pH gbss electrode

3.2.3.Preparation of Abrasion Resistant Coatings

The coating recipes were pigerolyzed for some time, and spin-coated on the desired
substrates before gelation occurred. Thenguemperature was chosen accordmghe balace
between the dimensional stabyilof the substrate and the thermal stapiif the solgel coatirg.
For the plastic substies, the glass transition temperaturlelsshed the upper limit of the

curingtemperature. e real cumg temperature was 15-25°C lower than this temperature to
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avoid possible thermally induced warping of the substrate. Coatings applied to the bis-A PC
substrate (§=ca. 150°C) were dried at room temperature and cured typically at 60°C for 30-60
min., and then at 125-130°C for about 4 hrs. For APEC H'I%%B(‘I;,:184°C), the curing
temperature could be increased to about 170°C without causing warping of the substrates. With
metal substrates, the curing temperature of the coating was mainly limited by the thermal
stability of the sol-gel coatings. Regardless of the catalyst, f-DETA/TMOS sol-gel coatings often
became brownish in color after being cured in air at 175°C for several hours. The coated metallic

substrates reported here were cured at 170°C for 4 hrs.

3.2.4.Characterization

The refractive index values were measured using a Metricon Instrument, while the
UV/Vis spectra were acquired on a Hitachi U-2000 spectrometer. “Free” sol-gel films of 0.05-

0.2 mm thick were used for the measurement of refractive index and the data were based on the
average of five measurements at four different sample locations. The films samples were
prepared by casting the pre-hydrolyzed recipes into polystyrene dishes, and then the sol samples
in the polystyrene dishes were dried at room temperature in a ventilation hood for 24 hrs. The
resulting transparent sol-gel films were delaminated from the dishes, and thermally cured at
conditions described later.

Abrasion tests were conducted using a Taber Abrader in a manner similar to the
specifications of ASTM D4060. For transparent polymeric substrates, the abrasion resistance of a
coating was rated according to the transmittance of the wear track piftecipal Taber test
involving 500 abrasion cycles using a pair of CS-10 resilient wheels, each with a 500-gram load.
In some cases, the abrasion test was also carried out to 250, 500, 1000 cycles of abrasion to study
the influence of the abrasion cycles on the abrasion resistance of a coating. For opaque metallic
substrates, the surface damage caused by a specified Taber teshéoftemcipal testwas
used to compare the abrasion resistance for a set of coating samples.

The transmittance was measured on a Shimadzu CS-9000 UV/Vis photometer. In this

test, a 420 nm light beam (&10 mnf in size) was used to scan across the wear track, and the
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intensity of the transmitted beam was recorded as a plot of the absorbance vs. the position of the
light beam. From the absorbance curve, the transmittance of the wear track was calculated from
the absorbance difference between the Taber track and unabraded areas. The rating of abrasion
resistance was given as the average of transmittance measured at six to eight different locations
from two samples. Good abrasion resistant coatings generally should retain a transmittance of
96% after theprincipal Taber test

For metallic substrates, the surface damage of a coating caused by a specified Taber test
track was analyzed by an Olympus optical microscope. Alternatively, the removal speed of the
surface feature by a Taber test was also used to gauge the protection of the metal substrate by the
sol-gel coatings.

Isothermal thermogravimetry (TG) was conducted on a Seiko TG/DTA instrument with
an air flow of 20 crifmin. TG samples were prepared by pre-hydrolyzing the coating recipes in
the same manner as in case of the related coating preparation. The resulting gel was desolvented,
dried at room temperature in polystyrene dishes for three days, and then ground into powders for
TG experiments. Utilizing the weight loss curve, a suitable curing temperature-time profile could
be determined for curing a given coating.

Vickers microhardness was measured on a LECO DM-400 hardness tester using a load of
10 g and a loading time of 10 seconds. The testing samples were prepared by applying a layer of
pre-hydrolyzed coating recipes on glass slides, following by drying at room temperature for 24
hrs. and then thermally curing at conditions requested by experiments. Before applying the
coating, the surfaces of glass slides were activated by boiling in a 10 wt% KOH solution for 10
minutes, followed by cleaning with deionized water. Glass slides were used as the coating
substrate to minimize the yielding effect of the substrate. It is realized this substrate differs from
a metallic or polymeric system but it provides a consistent substrate to study the influence of
processing /formulation variables on the hardness. The thickness of such coatings was 25-50
microns, while the penetration depth of the indenter was around 3 microns. Therefore, the
influence of the substrate should be reduced to a considerably low level. All hardness data were

obtained based on the average of ten measurements.
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3.3.RESULTS AND DISCUSSION

3.3.1.Optical Properties

Coatings derived from -DETA and TMOS were Higlransparent. A dip-coad f-
DETA22TMOS22W31-HAC140 coating of 3um thick on a bis-A PC substrate, after cured at
125°C for 4 hrs., diy led to an gtra haze of 0.2-0.4 %. F-DETA/TMOS caoas were also
colorless. No absbance bands could be found in their UV/Vis spem the rage of
wavelength from 250 nm (ultraviolet) to 1100 nm (infraré@jure 3.2 shows the UV/Vis
spectra of -DETAS50TMOS50 and f-DETA48silica52 films cured at 125°C fos4The f-
DETAV/silica film was prearedby adding Ludox® silica gel into a pre-tdrolyzed f-DETA. With
a thickness of ~ 0.2 mm, both films maintained a transmittance of ~90% in the visible light
range. Further experiments indicated that f-DETA/TMOS gallcoatirgs could still maintained
colorless after by wereheated at less than 150°C in air for ca. 4 hours. Howexposere of f-
DETA/TMOS coatings at 170°C in air for more than 4 hours could lead to abxetiawing of
the coaitng.
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Fig. 3.2. UV/Vis spectra of free sol-gel fihs based on gels -DETA/TMOS and f-
DETA/Ludox silica
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The refractive index at 632.8 nm for a cured f-DETA/TMOS cgatvas generéy
around 1.50-1.54t increaed with the gtent of curng, but decresed as the MOS
concentration increas Fig. 3.3. Due to its depadence on thexent of curng, the refractive
index m& be used to determine thgtent of curing ér a given coatig system.
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Fig. 3.3. Refractive index of the f-DETA/TMOS coatings obtained using an acetic acid
catalyst and cured under different conditions

3.3.2.Thermal Curing of the Coatings

The thermal curig of sol-gel coatigs was controlledby a temperature-time profile that
described théemperatire change durng the curing pocess. To avoidaating crackng, pre-
curing $eps at low temperaturesdt@00°C) were den necessy in the tenperature profile.
Figure 3.4shows the weight clnges of a -DETA22TMOS22W31-HAC140 gel under three
different isothemal proceses. Durng the TG &periment, the wigiht of the geblecreaed in an
exponential wa in the isothermagbroceses. After 6 hrs., theoating maerial lost 5.9%, 8.3%
and 9.8% of its wigiht at 80°C, 130°C and 170°C, respedfivdlost of the wigght losses
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occurred during the initial two hours and further curing at the same temperature did not lead to

significant weight losses.

100_\ ----- Air/10°C/min to 80°C and then isothermal
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Fig. 3.4. Isothermal TG scans for gel -DETA22TM0OS22W31-HAC140 at various
temperatures.

Figure 3.5shows the weight changes for four -DETA/TMOS gels under a temperature
profile that included four 2-hour isotherms at 80, 125, 150 and 175°C. Between these isotherms,
the temperature was increased at a rate of 10°C/min. These four tested gels are f-DETA31
TMOS31W5-HCL27, f-DETA22TMOS22W31-HCL20, f-DETA22TMOS22W31-HP0O20, and
f-DETA22TMOS22W31-HAC140, which will be mentioned simply by their catalyst part of the
nomenclature. During the TG experiments, all the samples showed exponential decays in their
weight in each isotherm. Compared with the other gels, the water-deficient HCL27 gel lost
weight at a relatively slow rate at 80°C, but approached the other water-abundant gels at 150°C
and 175°C. This behavior is believed to be related to the relatively low silanol concentration in
the HCL27 gel. In general, gels with a low silanol concentration condense more by an alcohol-

forming condensation route. However, the alcohol-forming condensation reaction has a higher



Chapter 3 112

activation energy and hence proceeds at a slower rate than the water-forming condensation
reaction. Therefore, the HCL27 gel lost less weight than the water-sufficient gels at 80°C and
125°C. However, since all the samples had the same amount of alkoxysilane groups, the eventual
weight losses for the four samples became similar at a 150°C and 175°C at which the alcohol

forming condensation occurred at a much faster rate.
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Fig. 3.5. Isothermal gravimetrical diagrams of -DETA/TMOS gels formulated using
different acid catalysts and water concentrations.

Figure 3.6shows the TG/DTA profiles for gel HAC140 under the illustrated temperature
profile. The temperature profile includes a hold at 80°C for 2 hrs., followed by a ramp at
10°C/min. to 800°C and then another hold at 800 °C for 10 min. During the experiment, gel
HAC140 displayed an onset of some weight loss between 80-130°C, which further increased
between 140-350°C. Oxidation and combustion of organic compounds occurred at about 430°C.
After 700 °C, the sample was mostly oxidized to silica, and a constant weight was reached at

50.2% of the original weight.
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Fig. 3.6. The thermal gravimetrical profile of gel f-DETA22TMOS22W31-HAC140
obtained at a temperature ramp of 10°C/min.

The extent of curing could be estimated by the yield of silicaatsarming-DETA/
TMOS gels were quantitatively converted to silica at 800°C after 10 minutes of heating. The
sample weight typically displayed an exponential decay during these isotherm processes due to
elimination of the hydrolysis and condensation by-products. During an isothermal process, the
sample weight could be closely simulated by an extended exponential decay function given as.

W =W, = (W, =W, )Exd-((t -t,)/1)*] Eqgn. 3.1

here W is the weight at timetW., is the limiting weight that may be obtained if the holding
time at the temperature is sufficiently lonigs the decay constant afids a dimensionless
coefficient. The value of reflects the rate of condensation; while the valu@ i@&flects the
closeness of the weight profile to a first-order exponential decay Iéss than unity, Eqn. 3.1
can be viewed as a stretched exponential, whil@$ar Eqn. 3.1 corresponds to a normal first
order exponential decay function.

Table 3.2ists the parameters MV, B, and estimated extent of condensation during each

isothermal period for the four gels showrHig. 3.5 The extent of curing was calculated
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according to the yield of silica char. During the calculation, it was assumed that all the silicon
species were oxidized and converted to silica. A system with only f-DETA and TMOS (i.e. a
recipe without any solvent, water and catalyst) was considered to have an extent of condensation
of 0%. Whereas the same system with complete conversion of all the RS§@&ps and

TMOS to RSiQj; and SiQ, respectively, was thought to be 100% condensed. After being cured

at 80°C, 125°C, 150°C and 175°C for 2 hrs., respectively, these gels showed quite similar weight
losses, although they were derived from recipes that differed in either pH or water concentration.
Under this temperature profile, tBevalues for these gels were around 0.5 at 80°C and 125°C

and approached unity at 150°C and 175°C.

Table 3.2. Curve-fitting parameters and extent of curing for four -DETA/TMOS gels

%2}29 Parameters HCLZ7 HCL20P HPO26 HAC140'
W., (%) 94 92 92 93
T (min.) 20 8.6 24 2.6
80°C
B 0.66 0.45 0.44 0.44
Ext. of Curing 78% 90% 91% 81%
W., (%) 91 90 89 90
T (min.) 76 66 59 57
125°C
B 0.58 0.56 0.46 0.64
Ext. of Curing 81% 92% 94% 85%
W., (%) 89 89 88 88
T (min.) 71 64 71 62
150°C
B 0.90 0.92 0.84 0.83
Ext. of Curing 84% 94% 95% 88%
W., (%) 86 86 86 86
T (min.) 81 91 84 81
175°C
B 0.88 0.87 1.11 0.89
Ext. of Curing 88% 97% 98% 90%
a. HCL27=f-DETA31TMOS31W5-HCL27
b. HCL20=f-DETA22TMOS22W31-HCL20
c. HPO20=f-DETA22TMOS22W31-HPO20
d. HAC140=f-DETA22TMOS22W31-HAC140
e. Estimated by extrapolating the curing time to infinite according to Eqn. 3.1
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For practical applications, it is often required that a coating be cured within a certain time
(<5 hrs.). For curing sol-gel coatings, an adequate temperature profile could be designed
according to the TG profile of the uncured coating material. In cases when the weight loss
follows a first-order exponential weight decay, the weight loss after a period of two decay
constants can reach 86% of the total weight that the sample can lose if the holding time at this
temperature is sufficiently long. For a stretched exponential d@cad)( the weight loss during
this period can be even higher. Therefore, without causing a significant reduction in the extent of
curing, the adequate holding time at each isotherm of a curing temperature profile should be 2-3
decay constants. According to this principle and the decay constdiakla3.2 a reasonable
holding time at 80°C might be 30-40 min., while at other higher temperatures, 2-4 hrs. of curing

would probably be sufficient.

3.3.3.Influences of Formulation and Processing Variables on the Hardness and Abrasion
Behavior

For a given type of material, the abrasive wear rate is usually inversely proportional to its
hardnesY0 The proportionality constant is related to the chemistry and morphology of the
contacting materials, so care must be take in correlating the abrasion resistance of a material to
its hardness. Early results have confirmed that the abrasion resistance of the coating could be
increased by incorporation of TM@S Here the influences of TMOS, the curing temperature
and curing time on the hardness of the coating are addressed.

Figure 3.7shows the increases of microhardness of the -DETA22TMOS22W31-
HAC140 coating with the curing time and curing temperature. With a curing temperature of
80°C, the hardness of coating HAC140 only increased from 45 to 54 kgésrime curing time
was increased from 6 to 24 hrs. While at 135°C, the hardness increased from 80 to 105 kgf/mm
as the curing time was similarly increased. Therefore, after a certain period of curing (~4 hrs.),
increasing curing time without increasing curing temperature only resulted in very limited
hardness increase.

Figure 3.8illustrates that the hardness of f-DETA/TMOS coatings also significantly

increases with the concentration of TMOS). After curing at 135°C for 12 hrs., coatings with the
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weight ratio of TMOS/(f-DETA+TMOS) of 0%, 35% and 50% exhibited a Vickers hardness of
46, 68 and 92 kgf/mfmrespectively. The concentration of TMOS in the recipe was limited to
about 60 wt% (excluding the solvent, water and catalyst). Beyond this concentration, the
resulting coatings often cracked during the drying and curing processes because of the lower
flexibility and high shrinkage. For this reason, microhardness data for coatings with TMOS

concentration above 60 wt% could not be obtained.
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Fig. 3.7. Vickers microhardness of f-DETA22TMOS22W31-HAC139 coatings cured at
different conditions. The substrate is glass.
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Fig. 3.9. Transmission optical micrographs for wear tracks on bis-A PC substrates: (A)
uncoated after 150 cycles; (B) coated with -DETA28TMOS28W10-HPO27 after 500
cycles; (C) coated with f-DETA22TMOS22W31-HAC139 after 500 cycles.
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The performance of a coating in an abrasion test depends on the film thickness. To
compare the intrinsic abrasion resistance of various coatings, the films should be thick enough so
that the abrasion does not penetrate the coating and damage the substrate. For most coatings
reported in this study, the thickness of the sol-gel coatings was found to be|oa. I3y5
scanning electron microscopy. Generally, if an f-DETA/TMOS coating|{B8%hick) could
maintain a 94% of transmittance aftgrrancipal Taber tes{CS10 wheels/500 g load, 500
cycles), then wear of the surface would be mostly limited to the coating layer, although a few
scratches might cut through the coating. Adhesion of the coating to the substrate is another major
exterior factor affecting the performance of a coating. In cases of weak adhesion, the coating
could be scraped off easily from the substrate during the abrasion test, and hence exposing the
inner substrate to direct abrasion.

Figures 3.9A-C show the transmission optical micrographs of Taber tracks on an
uncoated bis-A PC substrate (A) and coatings f-DETA28TMOS28W10-HPO27 (B) and f-
DETA22 TMOS22W31-HAC140 (C) on the same bis-A PC substrates. The Taber test involved
a pair of CS10 wheels, a 500-gram load per wheel. The uncoated bis-A PC substrate was abraded
for 150 cycles, whereas the coated bis-A PC substrates were abraded for 500 cycles. The results
indicated that the f-DETA22TMOS22W31-HAC140 coating was far less scratched than the f-
DETA28TMOS28W10-HPO27 coating, which was in turn far less scratched than the uncoated
substrate, although the uncoated substrate was only abraded for 150 cycles. Note the
transmission optical micrographs were taken at a slight defocus imaging condition, under which
only relatively deep and thick scratches can be observed.

The abrasion resistance of a given coating depends strongly on the extent of curing,
which in turn depends on the silanol group concentration in the uncured gels. The curing process
involves homo-condensation of silanol groups and hetero-condensation between the silanol
groups and alkoxysilane groups. Therefore, increasing the extent of hydrolysis should promote
thermal curing and hence improve the abrasion resistance of the coating.

Raising the water concentration in the recipe (representedi®y method of increasing
the extent of hydrolysis. Using f-DETA/TMOS coated bis-A PC substrates, the dependence of

the abrasion resistance pwas studied. The abrasion resistance was graded by the transmittance
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of the wear track caedby the principal Taber testiescrbed earlierln these tests, both
phosphoric acid and acetic acid wesedias catalysts, respecliyeThe @ating formulae usig

a phosphoric acid cdist were predydrayzed br 30 min., while those using an acetic acid
catdyst were prdiydrayzed for 6hrs. All these oatings were cured at 60°C for 30 min. and
then 130°C for 4 hrs. With phosphoric acid as thelgsttaan increse d r from 0.5 to 4.4 led to
an improvement of the abrasion resistance of the reguitiatirgs from a transmittance of ca.
90% to ca. 98%Hig. 3.1Q. For recipes usg an acetic acid cdigst, the increasef the wating
abrasion resist@e withr was more noticeahlén this case, asincreased from 1.1 to 4.4, the
resulting oating showed an increase of transmittance fréft & above 98%. Therefore, at a
given curirg temperature and cugrime, a igh water concentration indeed helps to increase

the concentration of silanol groups amtest of curng.
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Fig. 3.10. The trarsmittance of the wear track after 500 cydes of abrasion for 1:1 f-
DETA/TMOS coatings on bis-APC with different ratio of OH/OR. Curing conditions:
130°C for 4 hrs.

For a gven catéyst and formulation, legthenng thehydralysis time is another &y of
increasing the extent oltdraysis although too long laydralysis time will lead to dation. The
influence of thénydralysis time on the abrasion resistance of the regutibatirg was studied

using a phosphor acid sgtem and two acetic acgystems contaimg equal waghts of f-DETA
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and TMOS. For phosphiaracidsystem,the value of was 2.2, whiledr the acetic acigystem,

it was either 2.2 or 4.4.hE recipes were allowed to preenglyze for different times before
being applied on bis-A PC substrates. Aftermgiat 130°C dér 4 hrs., the cated substrates were
abraded usg theprincipal Taber testentioned earlier. Thebeasion resistace of the liree

series of coatings is illustrated fig. 3.11 In the cae of phosphoric acid cdisst, the coatigs
preparedy hydralyzing for 30 min. and 60 min. were similar in their abrasion resistance, and
both showed a transmittanokeca. 95%. On the coning the abrasion resistance of the acetic
acid ystem was rather sensitive to the predrolysis time. With amr of 2.2, the oatings
preparedyy pre-hydrayzing for 5 hrs., 8 hrs. and 10 hrs. showed an abrasion resistance of 85%,
92%, and 93%, respectiye With this recipe, a preylaralysis time of 8 hrs. was required so that
the resultant coatgs could offer appreciable abrasion resistance (~92% transmittance). A
similar trend was also observed for the recipes with@m.4. The coatigs showed an
improvement of abrasion resistance from ca. 96% to 98.5% as the préybigitione was
extended from 3.5 hrs. to 7.5 hrs. On terage, as was incresed from 2.2 to 4.4, the acetic
acid coatng system &hibited an overall incres of 6-10% in the abrasion resistance. Pradyical
when acetic acid was used as thelyat, ther ratio was often set to ca. 4 and byelralysis

time was 5-6 hrs.
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Fig. 3.11. The trarsmittance through the wear track after 500 gcles for f-DETA26

TMOS26W19 coatings on bis-APC using HPO or HAC catalysts. Curing conditions:
130°C for 4 hrs.
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Increasing curng temperature can also promote théesdorming condesation and
alcohol-formng cordensation, thus increasing theent of aring. However, asmentioned
earlier, the curig temperature was limitedylihe thermal stabtly of the plastic substrate and
sol-gel coatigs. For bis-A PC substrates, the upperngutemperature was 135°Eigure 3.12
shows the abrasion resistardd-DETA22TMOS22W31-HAC140 coatgs that were cured at
either 80°C or 130°C. These coms were based on bis-A PC subtsisaand were subjected to
theprincipal Taber testnentioned earlier. Accordito Figure 3.12 after curing at 130°C for
more than one houmé coathgs maintained an abrasion resistance of nfae 88%. The
coatings cured at 80°C were alsaywgood although not as good as the ones cured at 130°C.
After curing at 80°C for morehan four hairs, the coatigs had an abrasion resistance of ca.
96%. Experiments also indicated that if this coating wared at 80°C fotess than 4 hrs., then
small domains of the coating dmetwear track were paytor even complely removed during
the abrasion test, although most parts maintained rather good transmittarasepossible that
under this condition the adhesion between the sol-gel coatings to the substrate had not developed
to its full level.
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Fig. 3.12. Trarsmittance of the wear track after 500 cycles for f-DETA22TMOS22W31-
HAC140 coatings on bis-APC substrates.
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The f-DETA/TMOS coatigs were also applied on APEC HT935%ycarbonate. The
coating on this substrate could heed as igh as 175°C without causing wamg of the
substrate. (Recall that APEC HT935%d ycarbonatéas a glass transition temperatafe
184°C.) Table 3.3 lists the weiglpercentagef f-DETA and TMOS ofseveral coang recipes
(solvent and water excluded), their cgrzonditions and abrasion resistandast(ansmittance
after aprincipal Taber tegt According to thee results, the recipe containin@% f-DETA and
50% TMOS50 (f-DETA22TMOS22W31-HAC140) showextellent abrasion resistance (a
transmittance of ca. 98.5%) after awgriat 15-150°C for 4 hrs. A further increase in theing
temperature to 180°C often led to cracking and delamination of this coating.

Table 3.3. Abrasion resistance of f-DETA/TMOS coatings (REC-HT9353" substrate)
cured at difference conditions. The abrasion test was conducteding the basic Taber test
(CS-10 wheels, 500 g/500 cycles).

Coating Recipe Curing Conditons Trarsmittance (%)
Uncoated 843+ 0.6*
Pure f-DETA 180°C/ 4hrs. 950+ 0.8
65%f-DETA, 35% TMOS 180°C/ 4hrs. 974+03
56%f-DETA, 44% TMOS 170°C/ 4hrs. 982+ 0.2
56%f-DETA, 44% TMOS 150°C/ 4hrs. 982+ 0.2
56%f-DETA, 44% TMOS 125°C/ 4hrs. 977+03
50%f-DETA, 50% TMOS 180°C/ 4hrs. craks during curing
50%f-DETA, 50% TMOS 150°C/ 4hrs. 984+ 0.2
50%f-DETA, 50% TMOS 125°C/ 4hrs. 985+ 05

The uncoatedAPEGHT9353®polycarbmate was abradedith CS-10 wheelsfor 25 g/cles.

With a slighty lower the concemation of TMOS, the @ating recpe including %% f-
DETA and 44% MOS is &pected to be more ftéble and hace could surwie a wring process
at 170°C for 4 hrs. Accordg to Table 3.3 this coatng exhibited excellent abrasion resistance (a
transmittance of 98 %) t&fr curing at 125°C, 150°C or 170°C for 4 hrs. Coatings prepared using
56% f-DETA and 44% TMOS on APEC PC substrates were also sedbjecetensive abrasion
tests that involved a pair of CS10 wheels and a 500-gram load per wheel, but the acéesion
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was etended to 100@ycles. During these tests, the transmittance of the resulting tnaek
was measured & 250, 500 and 100§clesof abrasion. Fjure 3.13 sbws the optical
transmittance of the wear tracks onsheubstrates.le coatngs ared at 150°C and 170°C
generaly showed better abrasion resistance than thengpatred at 125°C after 250 and 500
cycles of abrasiorbut the latter show better results after 1000 cycles of abraSiptical
microsc@y indicated that the maij cawse for the coatigs cured at 150°C and 170°C to lose
transparacy after 1000 cyles of abrasion was the delamination of the ogatfrom the
substrate, rather than just the usual scratching of the coating. This phenomenon could be
attributed to the higher haress but lower taghness oftte coathgs ared at a temperature at
170°C. For this reason, tihhalance between the hardness anginess should also be

considered Wwen deeloping a good abrasion resistant caggi
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[ 150°C/4 hrs
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Fig. 3.13. Optical transmittance of AEC-HT9353" polycarbonate coated with f-

DETA56TMOS44 sol-gel coatings following the Taber abrasion test. The Taber test was
conducted using CS-10 resilient abrasion wheels and a 500-grdoad on each wheel.
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3.3.4.Abrasion Resistant Coatings on Metal Substrates

The f-DETA/TMOS coatigs formulated usig a hydrochloric acid catgst were also
applied to metal substrates like copper, brass, aluminum and stainless steel and this resulted in
considerablewgccess in improvig the drasion resistace of those substrafe8§159.161,

Reflection optical microsqy was used to compare the abrasion resistance oatettand
coated aluminum and brass substrates. Again, the coated substrates were subjected to the
principal Taber testthe uncoated ones wereraded with the samehgels and loads but less
abrasiorcycles were used.

Figure 3.14shows optical mi@graphs for the surfaces ofuioaluminum substrates.
Micrograph 3.14A) shows oiginal fringe-like features on an urated aluminum substrate
formed dumg manufactung. Micrograph 3.14B) shows thetypical “X” type scratchpatterns
left by the Taber test on an wated aluminum substrate. Heetwo pictures shovhat the
surface fringes on the substrate could be rembyaahly 25 cycles of abrasion, thus exhibiting
the extremdy poor abrasion resistanogaluminum. Micographs 3.14C) and 3.14 D) reveal
the weartracks on aluminum substrates that were coated with f-DETA26TMOS26W19-HPO23
(HPO23) and f-DETA22MOS22W31-HAC140 (HAC140), respectiyeAfter the abrasion
test, these two substrates principalisply the original surface fnge patterns, and the “X” pg
scratchpattern can oy be baréy seen. Cledy, the @ating siccesfully praected the weak
aluminum substrate from wear. As indicalsdthe dengy of “X” type scratbes, the HAC140
coating (Micograph 3.14[D)) cleaty had an dge over the HPO23 coag in abrasion

resistance.
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Fig. 3.14. Reflection optical micrographs of aluminum substrates: (A) uncoated and
unabraded; (B) uncoated and abraded for 25 cycles; (C) coated with recipe f-DETA26
TMOS26W19-HPO23 and abraded for 500 cycles; (D) coated with recipe f-DETA22
TMOS22W31-HAC140 abraded for 500 cycles. The Taber tests involve CS-10 wheels, each
with a 500-gram load.

Figure 3.15shows the reflectance optical micrographs for three brass substrates.
Micrograph 3.154) shows the original surface features of an uncoated brass surface caused by
manufacturing. Micrograph 3.1B) reveals the “X” type Taber scratches on an uncoated brass
substrate that was abraded for 50 cycles. Micrograph @)1&hpws the Taber wear track for the
same brass substrate coated with the HPO23 coating. In this example, brass is much a harder
substrate than aluminum, however, after only 50 cycles of abrasion, its surface features from
manufacturing (Micrograph 3.13\f) were also replaced by dense deep “X” type scratches
(Micrograph 3.15B)). If the substrate was protected by the HPO23 coating, then only a few
shallow scratches can be observed even after 500 cycles of abrasion (Fi), Bhdeating the

coating was also effective for brass substrates. In fact, it is the coating properties rather than the
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substrate that determine the abrasion resistance of the system as long as wear is limited to the

coating layer
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Fig. 3.15. Reflectance optical micrographs of (A) uncoated brass surface (unabraded); (B)

uncoated brass surfaces after 50 cycles of abrasion; (C) aluminum substrate coated with f-
DETA26TMOS26W19-HPO23 after 500 cycles of abrasion. The Taber tests involve CS-10
wheels, each with a 500-gram load.

3.4.CONCLUSIONS

The inorganic-organic hybrid materials derived from sol-gel reactions of f-DETA and
TMOS provided optically transparent coatings. These materials could be applied to many
substrates including bis-A PC, APEC HT93593C, aluminum and brass and thermally cured to
form hard abrasion resistant coatings on these substrates.

Formulated with f-DETA, TMOS, water and 2-propanol, the gelation time of the coating
recipe could be controlled from several min. to over 12 hrs. using an acid catalyst of proper
acidity strength. The thermal curing processes of these coatings were studied by TG/DTA and
suitable curing temperature profiles were established according to the TG/DTA results.
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The abrasion resistance and microhardness of the sol-gel coating depended on many
factors including the TMOS concentration, water concentration, curing time, curing temperature,
and the hydrolysis time. The abrasion resistance and hardness of the coating increased apparently
with the curing temperature and the concentration of TMOS in certain limits. The curing
temperature depended on the stability of the coating and substrate. Generally, a high curing
temperature could increase the hardness but it could also lower the toughness, hence, the
resulting coating might be more sensitive to long term abrasion. Because of this, coatings cured
at 125°C could be less abrasion resistant than the same coatings cured at 170° in a 250 cycle
Taber test, but better than the latter in a 1000 cycle Taber test. The TMOS concentration was
also limited by an upper value, which was dependent on curing temperature, and above which
the resulting coating might crack during the drying and curing processes. Increasing the water
concentration also led to noticeable increase in abrasion resistance. While a certain minimum
curing time might be needed for a given coating to have good abrasion resistance, it was found
that lengthening this curing time usually only led to limited increases in the hardness and
abrasion resistance. For a weak acid catalyst, the abrasion resistance of a coating also increased
with the pre-hydrolysis time of the recipe. With acetic acid as the catalyst, a f-DETA/TMOS
formula with arr of 4.4 and a pre-hydrolysis time of 5-6 hrs. could form extremely good

abrasion resistant coatings.



CHAPTER 4. THE MECHANISM FOR 3-APS TO STRENGTHEN THE
INTERFACE BETWEEN POLYCARBONATE AND SOL-GEL HYBRID
COATINGS'

4.1.INTRODUCTION

Silane coupling reagentd are frequently used to strengthen the bonding of glass fibers
to polymeric matrices for composite materials and to promote the adhesion of adhesives and
sealants to glass substrates. While it is quite clear that silane coupling reagents interact with glass
substrates or silsesquioxane/silica materials through siloxane bonding formed by condensation of
silanol groups’1.172 the interaction of silane coupling reagents with polymer surfaces is much
more complicated. It is believed to be dependent on the functional group of the silane coupling
reagent, the topography of the surface, the nature of the polymer matrix and the processing
method’3. Models based on chemical bonding, interdiffusion and interpenetrating network
(IPN) formation in the interphase region have helped to explain many phenomena in thermoset
composites like glass fiber (GF)/amino silane/epé%yGF/vinyltriethoxysilane/PMMAYS,
GF/3-methacryloxypropyltriethoxysilane/polystyréffeand GF/3-aminopropyltriethoxysilane
(3-APS)/polyethylen¥’” (composites are referred to here as a fiber/coupling agent/polymer
matrix system). However, the extent of chemical bonding is not known in thermoplastic matrices
although appreciable improvements in the flexural strength of composites containing silane
treated fibers have been obseA/@d 73 It has been assumed that compatibility (solubility) of
silane with the polymer matrix in thermoplastic composites is more important to the adhesion for
thermoplastic matrices, but chemical reactions between the species could add additional

strengthA73,

" Published in J. Inorg. Organomet. Polyi8988(1) 33



Chapter 4 129

During the past few years, it was found that 3-APS could greatly enhance the adhesion of
hybrid organic-inorganic silsesquioxane/silica based sol-gel coatings to bisphenol-A
polycarbonate (bis-A PC) and CR:3polycarbonate substratég’ The latter substrate is
prepared by radical polymerization of diallyl diglycol carbonate. The hybrid sol-gel coating was
applied to increase the abrasion resistance of the substrate. During the surface treatment, both
polymer substrates were degreased with 2-propanol, then coated with a thin layer of 3-APS
primer solution in 2-propanol. To obtain satisfactory adhesion, bis-A PC substrates could be
treated with a 0.5 wt% 3-APS solution, for CR*3Bowever, a 3-APS concentration of 5 wt%
or above was required. When the solvent evaporates, a portion of the 3-APS could partially
hydrolyze and condense to form a white powdery layer on the substrate, especially in a humid
atmosphere. The powdery material should be wiped off before applying the sol-gel coating. In
the case of bis-A PC, the curing temperature of the applied sol-gel coatings was below the glass
transition temperature of the substrate so that the substrate could maintain its dimensions. For the
CR-39’ substrate, however, the curing temperature could be higher than the glass transition
temperature (Jfor CR-39’ is ca. 70°C) since the substrate is crosslinked. Under this crosslinked
condition, the interdiffusion of 3-APS into the substrates is expected to be somewhat more
hindered.

Wen et al. have suggested that 3-APS may interact with a polycarbonate substrate
through hydrogen bonding between the amine protons in 3-APS and the carbonyl groups in the
substraté®. Computer simulation based on a molecular dynamics (MD) method indicated that the
energy due to hydrogen bonding is substantially sufficient to tentatively explain the marked
adhesion increase. However, the hydrogen bonding model still failed to explain: 1) why the
coating could sustain a hot-wet condition (in boiling water) without delamination due to
competing hydrogen bonding from water; and 2) why the CRsB®strate should be treated
with a primer containing >5 wt% 3-APS to obtain good adhesion, while for bis-A PC substrate,
only 0.5 wt% APS in the primer was sufficient.

A chemical bonding mechanism based on aminolysis of the carbonate groups by 3-APS

is proposed in this chapter. According to this mechanism, the outermost polycarbonate layer is
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slighty penetréedby 3-APS when the substgais treated with a 3-APS solution. Then, in this
layer, the amine groups from 3-APS react with the caateogroups in the pgmer substrate as
schematicdy illustrated inFig. 4.1 During the reaction, ggcarbaate dains undergo a lower
degreeof chain scission at the carbonate linkages and tngtikyl groupsbecome chemich)
bonded to the substrate thgh urethane linkages. Figl under the influence ohg moisture
present, reactear unreacted APS molecules are palyiilydroyzed and codensed to form a
thin layer of 3-APS gel, which later ay react with a sol-gel coay thraugh silanol
condensatiorBy this mechanism, the sol-gel coating is covalebbnded to the substrate, and
hence enhanced lagsion and appreciable moisture resistance are obtaihedlefree of
amindysis or chemical bondingf 3-APS with the substrate inciss with the gtent of 3-APS
penetration into the substrate. Since CR-8%in is crosslinked and hence less swhsla® more
concentrated 3-APS solution gnbe required to keep the substrate aistiree level of

amindysis.

OCHs
d-0CH ocH,
SOCHs gi— OCHs

SOC,Hs

N
I

)
IMMJS |

Fig. 4.1.Proposed chemical bonding of 3-RS to a polycarbonate substrate

The 3-APS primer and the amlgsis mechanism nygpatentialy be extended to
pay(metyl methacylate) (PMMA) substrate, which is also an excellglazing material.
Similar to bis-A PC,his pdymer can be treated with a g} coatirg to increase abrasion
resistance. On this occasion, howeBeAPS reacts with ester groups in the substrate and

becomes attached to the substrate through amide gltaupss research, specific model solution
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experiments as well as substrate surface analyses were conducted on some or all three polymers

including bis-A PC, CR-39and PMMA to confirm the proposed aminolysis mechanism.

4.2.EXPERIMENTAL AND CHARACTERIZATION PROCEDURES

Bis-A PC sheets (1.6 mm thick, Lex8rwere manufactured by the General Electric
Company. 3-APS (99%, Aldrich) was purchased from Aldrich Chemical Company and used
without further purification. CR-39polycarbonate sheets (1.6 mm thick) were obtained from
PPG Industries, Inc. PMMA samples were prepared by a bulk free radical polymerization of
methyl methacrylate (Aldrich, 98%) in sheet form (3 mm thick) at 80°C using benzoyl peroxide
as an initiator.

A mixed solution of bis-A PC and 3-APS in chloroform was used as a model system to
study the interactions at the interface of these two substrate materials-HGRKIR and**C
NMR experiments were conducted for the mixture and the pure materials, and the chemical
cleavage was confirmed by a decrease in molecular weight and appearance of new endgroups or
changes in chemical shifts for specific atoms in 3-APS.

GPC was conducted on a Waters 490 Instrument with a set of 50041004 and
10°A ultrastyragel columns at 30°C. Chloroform was used as the mobile phase and the flow rate
was set to 1 ml/min. A bis-A PC sample for GPC was prepared by dissolving 20-30 mg of the
polymer into 10 ml of HPLC grade chloroform. A mixture sample of the polymer and 3-APS
was prepared by dissolving 20 mg of bis-A PC and 20 mg of 3-APS into 10 ml of HPLC grade
chloroform. The mixture sample was aged for 24 hrs. before the GPC experiment. Both GPC
samples were filtered using a u& filter before being injected into the GPC column.

'H NMR and**C NMR spectra were acquired on a Varian 400 spectrometer and both
experiments were carried out with 5 mm NMR tubes. Peaks were identified using the Aldrich
NMR library!78 and NMR simulation programs from ACD 1a6% 3-APS and bis-A PC samples

for 'H NMR were prepared by dissolving 10-20 mg of the material in ca. 1 ml of deuterated
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chloroform.**C NMR samples were similarly prepared except that the quantities of the samples
were increased to 50-80 mg. A mixture of bis-A PC with 3-APS was prepartd RiIR by
dissolving 20 mg of each material in ca. 1 ml of deuterated chloroformf?G®MR, 60-80 mg

of each material was used instead to prepare the mixturéHTKMR and**C NMR spectra of

the mixtures were acquired after the samples had been aged for 24 and 72 hrs., respectively.

Reflectance infrared spectroscopy was used to study the interaction of the bis-A PC
substrate with 3-APS. FT-IR spectra were acquired on a Nicolet 50XB spectrometer with a
Harrick reflectance attachment. The reaction of the carbonate group in bis-A PC with the amine
group in 3-APS and the resulting cleavage of the carbonate chains should be indicated by the
appearance of a urethane group absorption. To prepare an IR specimen with a moderate
penetration depth of 3-APS into the substrate, a bis-A PC sampi&x(-16 cni in size) was
slowly boiled (~82°C) in 10 ml of a 0.5% 3-APS solution in 2-propanol until the solvent
evaporated, and then heated in an air circulating oven at ca. 150°C for 30 min. The IR specimen
was also used later for XPS analysis.

A 5400 Perkin-Ermer XPS instrument was used to study the bis-A PC, PMMA, €R-39
and glass substrates which were treated with 3-APS solution in 2-propanol. By comparing the
binding energies of the N 1s electrons obtained by XPS, it is possible to find out the chemical
form of the nitrogen at the surfaces of the three substrates, and then to determine if aminolysis
had occurred. All polymer samples for XPS were cut into €&x(.16 cni size before treating
with 3-APS. Three bis-A PC specimens were prepared using different surface treatments. The
first specimen (bis-A PC #1) was heated in 10 ml of a 0.5% APS solution in 2-propanol at 80°C
for 1 hour, then dried at 100°C in a nitrogen atmosphere. The second specimen (bis-A PC #2)
was soaked in 10 ml of a 0.5% APS solution in 2-propanol for 18 hrs. at room temperature and
then dried under vacuum. The third specimen (bis-A PC #3) was the one used for IR analysis as
mentioned earlier. PMMA and CR-3%amples were also heated at 80°C in 10 ml of a 5 wt% 3-
APS solution in 2-propanol for 4 hrs. and then dried at 80°C for 3 hrs. A free amine reference
was prepared by treating a small piece of glass with 0.5 % 3-APS solution in 2-propanol and

allowing it to dry in air at ambient conditions.



Chapter 4 133

4.3.RESULTS AND DISCUSSION

4.3.1.Solution NMR Experiments

In a solution containing both bis-A PC and 3-APS, if the reaction suggested /1l
indeed ocuars, the aerage molecular wght of the pymer shoulde drasticdly reduced and
extra groups like phendar urethane groups should bdetectalbe.

Figure 4.2 shows GPC scans for the pure bis-A Pgmper and a miture of the pbymer
with 3-APS. The GPC scan for thexture was acqued after the solution was aged at room
temperature for 24 hrshe results indicated that the moleculaigie of the pbymer was

reduced gynificantly due to the cleavage of the backbone.
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Fig. 4.2. GPC scans for a bis-A PC saple and amixture of the polymer with 3-APS. The
weight ratio of the polymer to 3-APS in themixture is 1:1, and the solvent is chloroform
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Figure 4.3shows théH NMR spetra for the bis-A PC alone (Athe pdymer/3-APS
mixture (B) and oty for 3-APS (Q. Except the amide and phenol protons, all protons in the
spectra are laled accordig to the carbon atoms to whickeyhare linked inFig. 4.4 The
spectrum for the ggmer/3-APS was acquired after the solution was aged at roopetatare
for 24 hrs. By comparing spectrum A, B, and C, it can belgaancluded that some amine
groupshad reacted with the carbate groups since amide protons H25 angbyrprotons H26,
H27 can be okerved. The presence of protons H15 and H16 also iediceew phenol
endgroups wereofmed dumg the reaction. Protons H18 from phenol groups ndgmasonate
atd 5.5, which is also the region for amig®tons accordhig to the Aldrich NMR libray and
ACD NMR simulation. However, sindg/drogen atoms in the OH groups are ubuaiore
difficult to detect due to a stngerhydrogen bonding interaction, espetyaht a low

concentration, the peak @b.5 was assiged to amidénydrogen atoms.

H12
H11

C *\ H8 H9 | H1o
A
H27
B ‘J H15,H16 H25 H26

H2, H3 H6

Fig. 4.3."H NMR spectra for the bis-A PC (A), amixture of the polymer with 3-APS (B)
and 3-APS alone (C). The weight ratio of the polyer to 3-APS in themixture is 1:1, and
the solvent is deuterated chloroform
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Proton NMR results weraifther supportetly **C NMR spectraRig. 4.5. The
assignment of the carbons in the spectra refers to the corresponding cafignd.4. The
spectrum for the bis-A PC/3-APS sample was collected after the solutiorge@dhataoom
temperature for threeagls. Acording to NMR simulation, the side peaks 21 andrR2ig. 4.5
can be assited to the carbon atoms at plgkegroups wiich are linked to 3-APS molecules
through a urethae bond Fig. 4.4).By comparing the chemical shifts of C26, C27 and C28 with
standard lbemical shifts for orrespondng carbons in 3-APS found in the Aldn NMR libray
(Table 4.}, it is again concluded that 3-APS had reacted with the bis-A PC.

(0]
" o 12
/ \ 7 — 11
* 1/ \4—!%—©—O/ \O+* + H2N/8\9/10‘S(’O\/
=3/ (|3 n O\
i ,
=\ /—\ 2 27 O
X 1|3—14 7—OH®  + X 1|9—20 23— N—»§ \28—Si/—0\/
I N\_7 N\ _77° ) \
15=16 20 2722 H2® O—y

Fig. 4.4. The proposed reaction of 3-RS with bisphenol-A polycarbonate. mportant
carbon atoms and protons in the reactants and products are labeled for the NMR
assigmments
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Fig. 4.5. The'*C NMR spectra for a bis-A PC (A) and a mixture of the polymer with 3-APS
(B). The weight ratio of the polymer to 3-APS in the mixture is 1:1, and the solvent is

deuterated chloroform

Table 4.1. A comparison of chemical shifts for the corresponding carbon atoms in 3-APS
and in a mixture of the bis-A PC with 3-APS (in chloroform)

APS (the Aldrich library)

Bis-A PC/3-APS

# of carbon 4 (ppm) # of carbon 4 (ppm)
8 45.3 26 43.6
9 27.4 27 23.2
10 7.6 28 7.6
11 18.2 29 18.2
12 58.2 30 58.2
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4.3.2.Surface Analyses for Polymers Treated with 3-APS

The concentration of the resultant urethane groups may be detected by attenuated total
reflectance IR (ATR). However, the bis-A PC surface was too rigid to form close contact with
the ATR crystal prism, so dispersion IR was used instead. In a standard coating process of the
polymeric substrate, the surface of bis-A PC was treated with a thin layer of 0.5 wt% 3-APS
primer in 2-propanol as stated earlier. Alternatively, the polycarbonate sheets was also soaked in
0.5 wt% 3-APS in 2-propanol for two hours, and then washed with clean 2-propanol before
being coated. However, dispersion IR is less sensitive than ATR to the small amount of urethane
groups at the surface, so the bis-A PC sample was specially treated so that the polycarbonate
surface was swollen to a moderate depth. By this method, a sufficient amount of urethane groups

was produced within the swollen layer so that IR detection became possible.
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Fig. 4.6. The dispersion FT-IR spectra for a bis-A PC surface with and without treatment
by 3-APS
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Figure 4.6shows the dispersion IR spectra for bis-A PC surface with or without treatment
of 3-APS. While carbonate carbonyl groups absorb at ca. 1775urethane carbonyl groups
should appear at a slightly lower frequency since the nitrogen atom tends to donate its lone
electron pair to the carbonyl group, thus weakening the carbon oxygen double bond. In the IR
spectrum for the sample treated with 3-APS, the side peak at ca. 1725 ttrareby believed to
be due to the presence of urethane bonds.

X-ray photoelectron spectroscopy (XPS) was used to study the surfaces of the three
polymeric substrates including PMMA, bis-A PC and CR-88sin. Upon treating with 3-APS,
PMMA tends to react with 3-APS by forming amide linkages, while with bis-A PC and ER-39
urethane linkages are formed instead. Unlike bis-A PC and CRi8® aminolysis of PMMA
occurs in the side chain ester groups rather than in the backbone. To distinguish amide or
urethane nitrogen from free amine nitrogen by XPS, a free amine reference was prepared by
treatment of a clean glass slide with a 3-APS solution. By adsorbing moisture from the air, 3-
APS partially hydrolyzed and condensed with residual silanol groups on the glass surface, and
became attached to the substrate.

During the surface treatment of the polymers, it was found that after treating with 5 wt%
APS (in 2-propanol) at 75°C for 4 hrs., PMMA was distinctly swollen, bis-A PC moderately, and
CR-39’ remained unswollen. The resistance of CR-88the 3-APS solution may be due to its
crosslinked structure.

Table 4.2gives the binding energies (B. E.) of the N 1s electrons for the polymer
substrates that were treated with 3-APS as described above. The B. E. of the N 1s electrons for
the three bis-A PC samples are in the range of 400-400.3 eV, while for PMMA and’Cfe39
are both 399.6 eV. All these numbers are higher than that for the free amine reference (the glass
substrate), which is 399.3 eV. Usually, the B. E. of the N 1s electrons for free amine, amide,
urethane and urea nitrogen atoms are around 398-399 eV, ~399.7 eV, 400.3 eV, and 399.9 eV,
respectively Table 4.3. Therefore, the nitrogen atoms on the bis-A PC surfaces treated with 3-
APS are from urethane groups rather than amine groups. Similarly, the nitrogen atoms on

PMMA can be ascribed to amide groups. For the CRs3fbstrate, however, the B. E. of the N
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1s electrons is slightly higher than that of free amine groups on the glass substrate, but
significantly lower than that of urethane groups. The peak can be due to two overlapping peaks
from free amine groups and urethane groups considering the peak width in a typical XPS
instrument is about 1 eV. Since the observed N 1s peak is close to that of a free amine, it is
concluded that only a small portion of the amine from 3-APS had reacted and transformed to
urethane. Therefore, the aminolysis of CR-3@pears to be less efficient than bis-A PC and

PMMA under similar condition.

Table 4.2. Binding Energies of N 1s electrons for polymer surfaces treated with 3-APS

Sample B. E. (eV)
Bis-A PC #1 400.0
Bis-A PC #2 400.3
Bis-A PC #3 400.1
PMMA 399.6
CR39 399.6
3-APS on a glass substrate 399.3

Table 4.3. Binding energies of N 1s electrons for a few nitrogen containing compounds
relative to a saturated hydrocarbon (C 1s =285.00 e%8p.181

Compound B. E. (eV) Group
Poly(ethyleneimine) 399.07 -GHNH-CH,-
Nylon 66 399.81 -CONH-
Nylon 6 399.77 -CONH-
Polyurethane 400.32 -OCONH-
Polyurea 399.89 -NH-CO-NH-
Polyvinylamine HCI salts 401.46 -NH
EtNH, 398.90 -NB
NH,CI 401.50 NH"
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Fig. 4.7. The XPS scan for a bis-APC sample treated with 3-APS and heated at 145°C for
30min.

Figure 4.7 shows an XPS scan for N 1s #&tats for a bis-A PC sample treated with 3-
APS and heated in an air citating oren at 145°C for 30 min. (bis-A PC #3). Two Nesaks
were olserved at 400 and 402 eV. The siggeak is due to the urethane ogien, while the
weak one is priealdy due to aidation of the amine groups from 3-APS. Thedation occurred

when the sample was lied in air.

4.4. CONCLUSIONS

Solution model studies indicated that 3-APS can clealyeabonge chaindy
amindysis of the carborta groups anéecome chemich} attached to the pgmer chains.
DispersioniR or XPS andyses also revéad that aminkysis occurs at the surfaces of bis-A PC,
CR-39’ resin and PMMA when in contact with a solution of 3-APS in 2-propanol. The results
also showed that under similar condition, CR-88sin is less swellable and the anhyrsis at its
surface ocars to a lower etent. For that reason, a morencentraed 3-APS solution is required

to obtain the same level of amlgsis.In conclusion, treatment of bis-A PC or CR?38ith 3-



Chapter 4 141

APS primer allows formation of a thin 3-APS gel layer, which facilitate the covalent bonding of

a later alkoxysilane containing sol-gel coating to the modified polycarbonate substrate.



CHAPTER 5. NMR STUDIES OF SOL-GEL COATING MATERIALS
BASED ON TRIETHOXYSILYLATED DIETHYLENETRIAMINE AND
TETRAMETHOXYSILANE

5.1.INTRODUCTION

The sol-gel process is a well-known ceramic preparation method that involves hydrolysis
and condensation of one or more metal or semi-metal alkoxides, halides, and nitrates. During the
past few years, abrasion resistant coatings have been developed by the sol-gel process of
trialkoxysilylated organic compounds and tetraalkoxysilanes to protect optical plastic substrates
such as bisphenol-A polycarbonate, CR39 and PNiWA150.151,155-16]Among them, the most
extensively studied coatings were based on f-DETHe reaction product of diethylenetriamine
(DETA) with 3-isocyanatopropyltriethoxysilane (3-ICPTES) and its binary systems with
tetraalkoxysilanes and metal alkoxides.

To prepare abrasion resistant coatings for those polymeric substrates, f-DETA was often
hydrolyzed and condensed along with tetramethoxysilane (TMOS) and the sol-gel process was
typically carried out at pH 0-2 using a hydrochloric acid catalyst or at pH 4-5 using an acetic acid
catalyst. Experiments indicated that with the same composition of f-DETA and TMOS, sol-gel
reactions at these two pH levels often led to different gel structures and morphdligipte(

6). In this research’Si NMR spectroscopy is used to study sol-gel reactions of the f-DETA
/ITMOS system and to compare the condensation rates of RSi@HEtBiI(OMe) at these two
different pH levels. As the f-DETA/TMOS system often gelled within 10 min. at pH 0-2, it was
difficult to acquire a high resolutidfiSi NMR spectrum before gelation occurred. For NMR
studies at this pH level, [N-(3-triethoxysilyl)-propyl-N’N’-diethylJurea (UREA) was introduced

as a model compound for f-DETA. However, directly monitoring of the sol-gel process at pH 4-5
for the f-DETA/ TMOS system was quite successful because the gelation time at this pH was
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typically 8-10 hrs. A 3-methacryloxypropyltriethoxysilane (3-MPTMS) /TMOS system was also
studied to determine whether the observed pH-dependence of RSEDESiI(OMe) is related
to the urea groups in f-DETA and UREA.

The other two issues to be addressed include the hydrolytical stability of the urea groups
during the sol-gel process and the completeness of sol-gel reactions after thermal curing. In the
presence of an acid or base catalyst, the urea linkages in f-DETA may undergo hydrolysis,
leading to form dangling alkyl groups. In addition, sol-gel reactions are often incomplete even
after curing at moderately high temperature (~300°C), so some alkoxy groups may remain in the
cured gel. Both the hydrolysis of urea and the presence of residual alkoxy groups can lower the
density of crosslinks, thus reducing the hardness and abrasion resistance of the gel. Therefore,
3¢ and®si solid state NMR spectroscopies have been utilized to estimate the concentrations of
residual alkoxy groups, the extent of the urea hydrolysis, and the condensation extents of T and
Q in the cured f-DETA/TMOS gels. The determination of these factors will be useful in
establishing and understanding the structure-property relationships for the -DETA/TMOS gels

and related systems.

5.2.EXPERIMENTAL

5.2.1.Chemicals and Coating Preparations

Diethylenetriamine (DETA, 98%), tetramethoxysilane (TMOS, 99+%), and 3-
isocyanatopropyltriethoxysilane (3-ICPTES, 95%), diethylamine (DEA, 98%) were purchased
from the Aldrich Chemical Company and used without further purification. 3-methacryloxy-
propyltriethoxysilane (3-MPTES) was purchased from Gelest Inc. F-DETA was prepared by
slowly adding 3-ICPTES into a solution of DETA (molar ratio of 3-ICPTES: DETA=3.15) in 2-
propanol (or ethandl}. The f-DETA prepared by this method was a 70 wt% solution in 2-
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propanol (or ethanol). UREA was prepared similarly by slowly adding 3-ICPTES into a solution
of diethylamine (molar ratio of 3-ICPTES : DEA=1.05) in 2-propanol.

NMR samples were formulated using f-DETA (or UREA, or 3-MPTES), TMOS, water,
2-propanol (or ethanol), and an acid catalyst. The acid catalyst was hydrochloric acid (HCL),
phosphoric acid (HPO) or acetic acid (HAC). Since the sol-gel reactions are generally considered
to undergo specific acid catalysis or specific base catéhy$&the sol-gel reactions should be
nearly independent of the counterions of the acid catalyst. Therefore, the acidity of the NMR
sample was adjusted to pH 0-2 and pH 4-5 using a hydrochloric acid and an acetic acid catalyst,
respectively. A pH glass electrode was used to estimate the pH.

To prepare samples for solid state NMR experiments, the f-DETA/TMOS recipes were
hydrolyzed and the resulting sols were poured into glass dishes, dried at room temperature in a
ventilation hood, and cured for 4 hrs. at either 125°C, 130°C or 170°C. The hydrolysis time was
generally ca. 5 min. for a hydrochloric acid catalyst, ca. 30-45 min. for a phosphoric acid
catalyst, and 5-6 hrs. for an acetic acid catalyst. The cured gels were ground into fine particles
before being loaded for NMR experiments.

The nomenclature of a NMR sample (either a sol or a gel) is based on the components
and their concentrations in the sample formula. The concentrations of the four major
components, including f-DETA (or UREA, or 3-MPTES), TMOS, water and the alcohol solvent,
are given as weight percentages with regard to the combined weight of the four major
components. Whereas the concentration of the catalyst is given as millimoles per kilogram of the
recipe excluding the catalyst. In the nomenclature, the catalyst component is separated from the
major components by a dash, and the concentration of the alcohol solvent is often not explicitly
indicated. The equivalent ratio of water to alkoxysilareq sometimes stated to reflect the
relative amounts of water and alkoxysilane groups. In the f-DETA/TMOS system, water has two
hydroxy groups available; f-DETA and TMOS contain nine and four alkoxysilane groups,
respectively.
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5.2.2.Characterization

Sol-gel reactions of the UREA/TMOS system, 3-MPTES/TMOS system, and f-DETA
ITMOS system were studied by solutfd8i NMR spectroscopy using a Varian 400 MHz NMR
spectrometer. A small amount of chromium acetylacetonate (0.01 M) was added to the reaction
mixture to lower the spin-lattice relaxation time, and the temperature was controlled to 21-22°C
during these reactions.

CPMAS™C and®®Si solid state NMR spectra were acquired using a Brucker MSL 300
MHz instrument with a 7-mm zirconia NMR rotor. The spin rate was 5 kHZ@®NMR and 3
kHz for °Si NMR. The'*C NMR spectra were acquired using a pré&0degree pulse and a
relaxation delay of 6 seconds. The same pulse was also used @i tR#R experiments,
however, the relaxation time was changed to 10 seconds. FArGdttMR and?°Si NMR, 500
acquisitions were used for each spectrum.

Quantitative analysis of a sample by CPMAS experiments requires spectra to be acquired
at a series of contact times. The contact time seri¢§GocEPMAS NMR was {0.2, 0.5, 1, 2, 3,

5, 10, 20 ms}; while fof°Si CPMAS NMR, it was {0.5, 1, 2, 3, 4, 8, 16, 32 ms}. Each spectrum
was obtained using 500 acquisitions. Peaks in B&tand**Si solid state NMR spectra for the
f-DETA/TMOS samples were usually relatively wide and they often overlapped each other. The
LINEFIT routine in "NUTS", an offline NMR processing program from ACORNNMR Inc., was
used to deconvolute overlapped peaks, so the signal intensity for each species could be obtained.
By CPMAS experiments, the observed intensity depends on the proton spin-lattice relaxation
time in the rotating frame (JH)), the spin-lattice relaxation time of the observed nucleus in the
rotating frame (1,(C) or Tix(Si)), and the transfer rate of polarization from proton to the

observed nucleus €Iy or Tsi.n). Assuming the system has an infinite proton reservoir, and

Tip(H) >> Tp(C) or Tp(Si) >> Ten or Tsin, the relationship between the magnetization of the
observed nucleus Mf) and the cross polarization timeg,(t or contact time, usingC as an

example, can be simplified into the following biexponential equéifon
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M t t
M(t,,) = —=2—[exp-——2—) —expl-—2-)] Eqgn. 5.1
P _ TC—H Tlp (H) TC—H
T, (H)
Forlargerf fields,Mg =" M§ Eqgn. 5.2
Ve

M¢ is the ordinary carbon thermal magnetization under a static magnetic field. By fitting the

experimental values of ) to M(t,p) and contact time tegdin Eqn. 5.1, (corresponding to

M¢), Tip(H), and .1 can be obtained. The relative concentration of silicon species in a f-

DETA/ TMOS gel could be obtained by normalizigddr existing silicon species. The curve

fitting was carried out until the results had reached a 95% confidence level using a Levenberg-

Marquardt (LM) algorithm in Origin program version 4.1 from Microcral Software, Inc.
Single-pulse Fourier transforméti MAS NMR spectroscopy was carried out using a

Brucker MSL 300 MHz spectrometer with a 7 mm zirconia NMR rotor, a pulse angle of 80°, and

a relaxation delay of 212 ms. The relaxation delay was chosen according to the spin-lattice

relaxation time of Greported by Glasser et 8.

5.3.RESULTS AND DISCUSSIONS

Alkyltriethoxysilanes and tetraalkoxysilanes, respectively, have three and four Si-OR
groups, which can undergo hydrolysis and condensation and yield many monomeric and
polymeric species. In these species, a silicon atom may have alkyl, alkoxy, hydroxy and silyloxy
(silicon-oxygen-silicon bridges) substituents, and can be represented by a general formula:

SiR4xy-AOR)(OH),(OSi, 0<x, y, =4, xty+z=3 or 4

In silicone chemistry an®?Si NMR spectroscopy, symbols M, D, T and Q are often used
to represent silicon species with 3-0 alkyl substituents, respectively. The number (z) of silyloxy
groups is given as a superscript at the right corner of the symbol letter (Engelhardt ¥#tation

For example, Qand T represent any silicon atoms described by the general formulae
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Si(OR)(OH), (OSi), (x+y+z=4) and SiIR(ORJOH),(OSi), (x+y+z=3), respectively. This
dissertation will use the abbreviatioA(Qy) or T°(x,y) to represent a silicon atom whenever all
of its substituents are known, otherwise the Engelhardt notation suélaag @ will be used.

In °Si NMR spectroscopy, the chemical shifts of T and Q are in the range of -40 to -66
ppm and -74 to -110 ppm, respectiVéB Generally, replacing an alkoxy group by a silyloxy
group usually lowers the chemical shift by 8-10 ppm; while replacing an alkoxy group by a
hydroxy group increases the chemical shift by ca. 2 ppm. With the same substituents, silicon
atoms in cyclic or polyhedral compounds have relatively higher chemical shifts than in
unstrained chains or clusters. The chemical shift of silicon also depends on the substituents of its
neighbors, so hetero-condensation between T and Q in T/Q binary system can also lead to extra
peaks. A large number of silicon species has been detected and identified by high-resolution
solution NMR spectroscopy during the sol-gel process of tetramethoxysilane and
tetraethoxysilan®.63.184,185S0lid state NMR spectroscopy has lower resolution, but is sufficient
to identify silicon species with different numbers of silyloxy substituents. By calculating relative
signal intensities for T(0<z<3) and @ (0<z<4), the extent of condensation of T and Q can be
obtained.

The sol-gel reactions, including hydrolysis of alkoxysilane, water-forming condensation
and alcohol-forming condensation, can be catalyzed by both acid and base catalysts. In aqueous
systems, the catalysis can be regarded as specific acid catalysis or specific base&ialysis
Therefore, the reaction rate depends mainly on the pH of the medium. At the pH corresponding
to the transition of the predominant reaction mechanism from acid-catalysis to base-catalysis, the
overall reaction rate reaches a minimum. For tetraalkoxysilanes, the minimum hydrolysis rate
and the minimum condensation rate occur at ca. pH 7 and at ca. pH 2, respectively. Compared
with the tetraalkoxysilane, the alkyltrialkoxysilane has a relatively strong electron-donating alkyl
group, so it is expected to be more reactive towards the acid catalyzed reactions, but less reactive
towards the base catalyzed reactions. Consequently, its minimum hydrolysis and condensation
reaction rates should occur at slightly higher pH values than 7.0 and 2.0, respectively.

Inductive effects in sol-gel reactions of organic modified silanes has been observed in a

number of experiments. Schmidt eBahave studied the hydrolysis of a series of alkoxysilanes.
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They found that in the presence ofl0® M hydrochloric acid, the reactivity order of hydrolysis
was Si(OEYy < TMOS < MeSi(OEf< Me,Si(OEt), < MesSIOEt; while in the presence of 2 M
ammonia, the reactivity order of hydrolysis was reversed #SNI@Et) ~ MeSi(OEt), <
MeSi(OEty < Si(OEt). Pkarakar et a6 have studied the condensation of ethylsilanetriol and
orthosilicic acid generated by hydrolysis of ethyltriethoxysilane and tetraethoxysilane. Their
results suggested that at pH 1.7 and 2.2 the homo-condensation of T was greater than the hetero-
condensation between the T silanol and Q silanol, which was in turn greater than the homo-
condensation of the Q silanol. Pohl et&have investigated the dimerization of 3-
glycidoxypropylsilanetriol at different pH levels. They discovered that the minimum
dimerization rate occurred at pH 4.5 rather than ca. pH 2 for silica gel.

Sol-gel reaction rates are also subject to the steric effect of the substituents. In binary
systems consisting of T and Q compounds, the alkyl group of the T compound is often a large
group and hence sol-gel reaction rates of T may be reduced. In addition, hetero-condensation
between T and Q can also further complicate the situation. Thereé®irdlMR spectroscopy is
used to compare the condensation reactivities of T and Q at pH 0-2 and pH 4-5 in the UREA/
TMOS system, 3-MPTES/TMOS system, and f-DETA/TMOS system.

5.3.1.Solution °Si NMR Analyses

Solution?*Si NMR spectroscopy was used to compare the condensation rates of T and Q
at pH 0-2 and pH 4-4.5 for the sol-gel process of systems UREA/TMOS and 3-MPTES/TMOS
and to follow the sol-gel process of f-DETA/TMOS coating recipes.

Table 5.1lists the composition and pH for six samples, along with the reaction times
during which NMR spectra were acquired. The reaction time for spectrum acquisition was
selected according to the reaction rate of the sample. For samples A and C (acetic acid catalyst),
NMR spectra were acquired during the reaction period of 180-210 min., while for samples C and
D (hydrochloric acid catalyst), it was acquired during the reaction period of 5-45 min. Sample E
served as a model system for recipe f-DETA31TMOS31W5-HCL27 since the real coating recipe
had a very short gelation at this pH. For samples E and F, spectra were acquired during the
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specified five dferent periods in Tdle 5.1. Since the ogentration of the observed nucleus
changes with reaction time, the observigshal intendly should correspond to the average
concentration within the acquisition period.sBd on the @erage cacentration dung different
acquisition periods, the concentration mfp@s of the starting nberial and mayr intermediates
with reaction time were rougjestablished.

Table 5.1. Canpositions of sanples, their pH values and reaction times during which NMR
spectrawere acquired.

Test # Sample Name oH Reaction itmes I(:r?{nl\;MR Expeéments
A 3-MPTES5TMOS25W18-HAC150 ~4 180210
B 3-MPTES31TMOS31W5HCL27 ~0.5 5-45
C UREA25TMOS25W18HAC150 ~4 180210
D UREA31TMOS31W5HCL27 ~0.5 5-45
E UREA22TMOS22W31HCL 20 ~1 5-20, 2040, 80-100, 140-160
F f-DETA22TMOS22W31HAC140 ~4.2 30-60, 120-150, 210-240, 300-330

Figure 5.1shows the stack-plotted NMR speecfor samples A-Dni Table 5.1 Samples
B and D were formulated ugj a $rong acid fydrochloric acid). Althagh both samples had a
deficient amount of water, & quickly ran out of monomer speces of T and Q as the reaction
started. With a weak acid (acetic acid) bggsamples A and Qydrayzed at a much slower
rate, so the reaction was carried out under a waterelant condition. During the reaction,
samples A and C maintaineigsificant amounts of monomerT and Q, whose structures were
identified acording to their chemical shifts. No calations weranade to determine the
concentration of each’br . However, it is apparent that at pH ~0.5 with higdrochloric acid
catdyst, T and Q species in both the UREA/TMOS and 3-MPTES/TM@&®rss had been
mosty hydrolyzed and condesd to T and F, Q', @, and @ after 45 min. of reaction.
According to the spectra, T condensed as fast ageanr faster than Q at pH~0.5 with the
hydrochloric acid cathyst. At pH4-5 with an acetic acid cdist, thehydrolysis of both T and Q
species was apparénslower. Neverthiess, after 210 min. of reaction, thdroyzed Q had
converted from &to Q', &%, @® and even & In contrast, althougtignificant amounts of T had
hydrolyzed to P(0,3) (silanetriol), oty a snall fraction of hem had codensed to T, so the
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condensation of T at this pH was much slower than that of Q. The major difference between the
UREA system and the 3-MPTES system was that under the water-abundant condition, the latter
existed as a biphase system at the beginning. As hydrolysis proceeded, the organic-rich phase
decreased in volume but it never completely disappeared. Precipitation of silica was observed

after hydrolyzing for about 2 hrs.

t=5-45 minutes

WMWWM

TH0, 3) QY4,0) t=180-210 minutes
3,00 o4 |©

t=4-45 minutes
T Q* o

(B) o Q

t=180-210 minutes

A) QY0, 3)

40 60 80 <100  -120 PPM

Fig. 5.1.%°Si NMR spectra acquired at the specified hydrolysis time for 3-MPTES25
TMOS25W18-HAC150 (Sample A), 3-MPTES31TMOS31W5-HCL27 (Sample B),
UREA25TMOS25W18-HAC150 (Sample C) and UREA31TMOS31W5-HCL27 (Sample
D).

The sol-gel process of samples E and &b{e 5.) was followed by°Si NMR
spectroscopyFigure 5.2shows the concentration changes of mafoarid G with reaction time

for sample E. During this reaction, the hydrolysis of T finished shortly after the catalyst and
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water were added, and the resulting hydrolysates quickly condense¢ttn 73%) and T(ca.
27%) in 10 min. Note the concentration 6foF ¥ in this chapter is the mole fraction with
respect to the total moles of T or Q. Further reaction led to an exponential decay in the

concentration of ¥(t;» ~150 min.) and a gradual increase in the concentratiof of T

100
[m I A 12
v " Q2
- o
30 ~ (0

—~~ 2

S i _a--

~ : N, -

c ~ | Tl - -

g 607 :I,' \\V \,_\ _________ I-—’-_-'_:'— “““ *

E ',' \ = '?;’—'—5

= i \X,"* - ~ -a

@ P %0 w7 T

8 407 ' ke e ﬂ&\ \\

o / ’ ~< -~
H ’ ~eo ~..

(@) I ~~<_ ~a. _|
|; a Te-wo
Tt _

207 |.': ___‘___,_.:.=———:__g__
|!,I __________ o
- |!’, B e
0] l"o
T T T T T T T T

0 20 40 60 80 100 120 140 160
Reaction Time (minute)

Fig. 5.2. Concentration changes of major Tand Q¥ during sol-gel reactions of UREA22
TMOS22W31-HCL140 (Sample E).

Although a very small amount of TMOS was observed in the spectrum acquired during
the initial 20 min. of hydrolysis, the hydrolysis and condensation of TMOS were also very fast.
After 10 min. of reaction, the mixture included about 55% §f42% of G and 2% of O, Later,
the concentrations of<and @ gradually increased as the concentration bfl€xreased
exponentially (f>~60-80 min.). After 150 min. of reaction, T included about 30%63% of T,
and a trace amount of Twhile Q included 30% of £58% of G and 21% © Since only a
small amount of Tand @ was formed in the system, gelation did not occur during the NMR
experiment. Assuming silanol/alkoxysilane groups are equally reactive and closed-loop
condensation does not occur, the critical extents of reactjpfo(pJREA (f=3) and f-DETA
(f=9), according to Flory and Stockmayer theory, are 67% and 22%, respectively. The equal

reactivity approximation does not work well in a sol-gel process, especially in the later sol-gel
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process, owing to inductive effects and steric effects. In addition, the sol-gel process involves
extensive closed-loop condensation, which makes the Flory and Stockmayer theory inapplicable.
However, the gelation time of the f-DETA sample was indeed much shorter than that of the
UREA sample. At pH 0-2, the f-DETA sample gelled within 20 min. The gelation time of the
UREA was not measured, but it was clearly over 24 hrs.

Figure 5.3shows the concentration changes of major silicon species of T and Q during
the sol-gel reactions of sampleTable 5.). One distinct difference between sample E and
sample F is that the former ran out of monomeric species rapidly while the latter maintained a
significant amount of monomeric species. In sample F, the observed T species in&{adey T
(-Si(OEtY), T°(2, 1), T(1, 2), T(0, 3) (-Si(OH}) and 7(0,2); while the observed Q species
included 34, 0) (TMOS), (3, 1), 32, 2), A1, 3), (0, 4) (orthosilicic acid), &0,2), and
Q?(0,2). These silicon species were identified according to the litet8§3€& After 6 hrs. of
reaction, the concentration of(B, 0) gradually decreased to ca. 30 %, while the concentration
of T%(0, 3), the major hydrolysis product of T, gradually increased to over 35 %. Only a trace
amount of F(0, 2) was found after six hours of reaction. Therefore, at pH 4-5, the condensation
of T was much slower than the hydrolysis of triethoxysilyl groups. In case of Q, the
concentration of TMOS decreased exponentially to about 6 % of the total amount of Q over the 6
hrs. of reaction (;~85 min.). The concentration of(3, 1) and &0, 4) gradually increased to a
maximum of ca. 10 % after 50 min. of reaction, and then decayed in an exponential way over the
next 5 hrs. to about 2.5 %6170 min.), The absence of alkoxy-containinga®d the presence
of a high J(0, 4) concentration at the early stage of reaction suggested that the hydrolysis rate of
TMOS was significantly faster than the subsequent silanol/alkoxysilane condensation.

The concentration of {0, 3) reached a maximum concentration of ca. 15% after 150
min. of hydrolysis and condensation, about 100 min. behind the maximum concentratié®, of Q
4) and §(3, 1). The concentration of(®, 3) decreased slowly to ca. 10% after another 150
min. of reaction. During the six hours of reaction, the hydrolyzed Q did not accumuldi@as Q
4) as in the case of T, which accumulated 48,8), instead they quickly condensed to @,
Q® and even & In sample E, although the formation of §hd @ occurred very quickly, the
concentration of ®was rather low and ®@ould only barely be seen. The concentrationof Q
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Q* and d could not be estimated directly from their peak areas owing to peak widening,
incomplete spin-lattice relaxation of silicon atoms in the colloidal particles, or interferenée of Q
from the glass NMR tube (generally a broad peak from -105 ppm to -115 ppm). However, by
subtracting the concentration of @nd G from the total amount of TMOS in the recipe, the sum

of the concentration of these three derivatives was found to be over 70%. Therefore, the overall

condensation rate of Q was much higher than that of T.
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Fig. 5.3. Concentration changes of major T and Q during sol-gel reactions of f-
DETA22TOS22W31-HAC140 (Sample F).

In general, the condensation of T and Q at pH 0-2 occurs mainly by the acid-catalyzed
mechanism, and T is expected to be more reactive than Q due to inductive effects. Although for
f-DETA and 3-MPTES, the condensation rate may be reduced by the steric hindrance of the
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bulky alkyl group in these two compounds. However, at pH 0-2, the condensation rate of T was
still close to that of Q in reality. As pH increased to about 4-5, the rate of the acid-catalyzed
condensation is expected to drop for both T and Q, while the rate of the corresponding base-
catalyzed condensation should increase. In fact, the condensation of Q was predominately base
catalyzed at pH 4-5 and the overall condensation rate at this pH was much faster than at pH 0-2.
In contrast, the base-catalyzed condensation of T at pH 4-5 still remained unimportant although
the acid catalyzed condensation rate dropped considerably. Therefore, the overall condensation

rate of T at this pH was lower than at pH 0-2.

5.3.2.Solid State'*C NMR Analyses

The f-DETA/TMOS coating recipe includes two alkoxysilane groups: methoxysilane and
ethoxysilane. However, since f-DETA was typically prepared and stored in 2-propanol solvent,
2-propoxysilane groups might be formed slowly by transesterification of the ethoxysilane groups
with the 2-propanol solvent. In addition, if the sol-gel reaction was carried out in a 2-propanol-
containing solvent, these groups might also be formed by transesterification of
methoxysilane/ethoxysilane groups and reesterification of silanol groups. Owing to the
incompleteness of sol-gel reactions, the cured gel might include small amounts of methoxy (-
OMe), ethoxy (-OEt) and 2-propoxy () residual groups.

To estimate the concentrations of residual alkoxysilane groups and the extent of urea
hydrolysis, the starting material f-DETA was first analyZgdure 5.4shows thé°C NMR
spectrum of a newly prepared f-DETA solution in 2-propanol and deuterated chloroform. Peaks
in the spectra are assigned to the corresponding carbon atoms in the attached structure.
According to quantitative calculation, the total amount of urea groups in the f-DETA raw
material was typically about 95% of the total amount of the triethoxysilyl groups. Due to the
impurities and the extra amount of 3-ICPTES used to prepare the f-DETA, this ratio was usually
less than 100%.
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Fig. 5.4. The'®*C NMR spectrum for a f-DETA solution in 2-propanol. Peaks are labeled to
the related atoms in the attached structure.

The concentration of alkoxy residual groups and the extent of urea hydrolysis were
estimated for three gels derived from two typical coating recipes: (1) -DETA22TMOS22W31-
HAC140 and (2) f-DETA31TMOS31W5-HCL27. Two gels, one from each recipe, were derived
using a f-DETA that had been stored in 2-propanol for 3-4 weeks (-DEBAd a third gel was
derived from the first recipe using a freshly prepared f-DETA (f-DBTAIl the gels were
cured at 125°C for 4 hrs. The three samples will be referred to in the text as’HEIXTR2 7
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and HCL140%, but their full name will be used in graphs and tables. The letters A and B
indicated that f-ETA” and f-DETA were sed in the recipe, respectlye The'*C CPMAS
NMR spectradr these three samples (contact time=1 ms)tackplotted inFig. 5.5.

Generdly, methxysilane groups hee a peak at ca. 51 ppm, etlgsilane groupsave peaks at
ca. 59 ppm (Si-OCKCH;3) and ca. 18 ppm (Si-OGBH3), and 2-proprysilane groupfiave
peaks at ca. 63 ppm (Si-OCH(@h and ca. 23 ppm (Si-OCHH3),). According to the
spectrum for pre f-DETA (Fig. 5.4 and charaeristic chemical shifts for the ab®

alkoxysilane groups, peakd the NMR spetra inFig. 5.5were assiged to the orrespondng
atoms in the attached structures. Solid state NMR spectiypgenerdly has low resolution, and
hence may nuclei of similar chemical shifts are not separatdeign 5.5 For exkample, sharp
peaks for C5, C7, C8, C9, C10, and C1FEim 5.4are replacetly abroad peak at 35-45 ppm in
the solid state NMR spectra.
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Fig. 5.5. The'®*C CPMAS NMR spectra (contact tme=1ms) for gels f-DETA*31TMOS31
W5-HCL27 (HCL27%), f-DETA®22TM0OS22W31-HAC140 (HAC140) and f-DETAP22
TMOS22 W31-HAC140 (HAC14(). Peaks are assigned to the related atoms in the
attached chenical structures.
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According toFig. 5.5 sample HCL27 contained all the mentioned alkoxysilane groups
and among them the 2-propoxysilyl group was the most abundant. For sample AAG&40
OEt and -OMe groups had quite low concentrations, but th& gboup still had a relatively
large presence. Under the same conditions, but with freshly prepared f-DETA, sample BAC140
not only had few -OMe and -OEt residual groups but also féRr4@sidual groups. By
comparing the two gels (fresh f-DETA vs stored f-DETi&Jan be concluded that most SP®
groups were formed during the storage of the f-DETA rather than during the sol-gel process
For quantitative estimation of the content of the residual alkoxy group and the extent of
urea hydrolysist*C CPMAS spectra were acquired for each sample at a series of contact times
and then mathematical treatments described earlier in this chapter were Hitizeds 5.6and
5.7 show the stack-plotted CPMAS spectra for the sample HAT4#0 the relationship
between integral area of each peak/nucleus and contact time, respectively. However, except
peaks 1, 2, and 8, which correspond to a single nudfegsy.5, other peaks include
contributions from more than one type of nucleus. As an approximation, those overlapped peaks
were also fit into Eqn. 5.1 and the correspondingalues were considered to be the roughly the
sum of ps for all nuclei. Note this approximation should be only effective if the proton spin-
lattice relaxation times ¢f(H)) and cross-polarization transfer constantsyffor all the nuclei
are very similarTable 5.2ists the chemical shifts,clss, Tip(H)s and ¢s for the major peaks.
Except the carbonyl carbon (peak 1), which hag.gdf ca. 0.4 ms; other carbon atoms have a
value of about 0.1 ms. Theg(H)s, however, are within 4-5 ms for all carbon atoms. Similar
results were also obtained for other -DETA/TMOS samples. Therefore, the application of Eqn

5.1 to overlapped peaks may be a fair approximation.
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Fig. 5.6. The'®*C CPMAS NMR spectra acquired at a series of contact times for gel f-
DETA22°TMOS22W31-HAC140 (HAC140"). Peak assigments refer to thestructure in

Fig. 5.5
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Fig. 5.7. The relationship between the observed NMR signal I(t) and contactrte for gel f-
DETA22°TMOS22W31-HAC140 (HAC140"). Peak numbers refer to the structure inFig.

5.6.
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Table 5.2. Chemical shifts, cross polarization transfer constants, proton spin-lattice
relaxation constants and absolute peak intensities of carbon signals in gel f-DET22

TMOS22W31-HAC140 (HAC140")

Pzak Sch?ﬂe g‘gr&:) T1p(H) (mMs) Tcn(ms) b (countxppm)
1 159 3.85+0.28 0.41 +0.03 267 £11
2 63 499+1.14 0.11£0.05 154 £ 8
3 58 29+0.5 0.2+0.01 20+0.5
5 42-47 5.29+0.30 0.09£0.01 697 + 18
6 24 5.3+0.3 0.10+0.01 482 £ 11
8 9 45+0.3 0.09 £0.01 294 +7.7

The concentration of the residual 2-propoxy grougeRand the extent of urea
hydrolysis (Rre9 Were estimated using Eqns. 5.3 and 54k the mole ratio of the residual -
O'Pr group to the total amount of the Si-OEt group in the recipe, agdsRhe mole ratio of the
hydrolyzed urea group to the total amount of -Si(@#mjts in the recipe

Egn. 5.3

Roupe = 1522 X100

8

R, = %xlooyo Eqn. 5.4

8
where |, lIs and k are theJ values for peaks 1, 6, and 8, respectively. Peak 6 includes
contributions from the methylene groups (C6) in f-DETA and the methyl groups (C6) IRISi-O
groups. Because of this, Egn 5.3 could only give a very rough estimation of the content of the
residual 2-propoxysilane group. Principally, the concentration of alkoxy residual groups could
also be estimated according to the integral areas for the carbonda&Br6@3 ppm) directly
linked to the oxygen atom. However, due to the low concentration of the residual alkoxysilane
group, the area of this peak sometimes could not be reliably calculated, especially when the
concentration of the —Br group was low. Therefore, this peak was not utilized in quantitative
treatment.

Table 5.3lists the calculated & and Rreafor the three -DETA/TMOS gels mentioned
earlier in this section. According to this table, the two gels prepared using f-DETA that had been
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stored for 3-4 weeks included about 11-12% 2-propanoxysilyl group; while the gel prepared
using freshly prepared f-DETA includes only 2% of this group. These values are apparently in
accord with the conclusion obtained by roughly comparing the CPMAS spectra acquired at a
contact time of 1 ms. As sample HAC®4tas a low concentration of residual 2-proproxysilane
groups, it may also be concluded that the extent of transesterification of the methoxysilane
/ethoxysilane or reesterification of the silanol by 2-propanol was negligible during the sol-gel
process. In fact, Peace et al. have indicated that the transesterification usually lags behind the
hydrolysis and condensatiti§, so sol-gel reactions in the -DETA/TMOS system could finish
before extensive transesterification /reesterification had occurred.

Table 5.3. The ratio of unhydrolyzed Si-CPr and extent of urea hydrolysis for three gels.

+ ] e ot e | oo | |
1 f-DETA*31TMOS31W5-HCL27 34 125°/4 hrs, 12 ~0
2 f-DETA*22TMOS22W31-HAC140 34 125°/4 hrs. 11 4
3 f-DETAP22TM0OS22W31-HAC140 <1 125°/4 hrs. ~2

The ratio of urea groups to the total amount of -Si(¢iEt)he raw f-DETA was accounted.

After considering the ratio of the urea groups to total amount of -S{@iEt)ps in the
raw f-DETA, the extent of urea hydrolysis was found to be ~0% for H&L-24% for HAC140
and 2% for HAC14B. Based on these data, it is concluded that only a negligible amount of urea

groups had been hydrolyzed during the sol-gel process.

5.3.3.29Sj Solid State NMR Analyses

295i CPMAS NMR technology has been used by Betrabet et al. to study the extent of
condensation in gels of f-DETA and other triethoxysilylated organic comp&ndikose gels
were developed by hydrolyzing and condensing the related organic modified triethoxysilanes in
the presence of a hydrochloric acid catalystl]. Their results indicated that f-DETA gel cured
at 135°C had a condensation extent of about 64%. This section addresses the influences of pH

and water concentration on the extent of condensation of T and Q in cured f-DETA/TMOS gels.
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Gels derived from coating recipes f-DETAMDS31W5-HCL27 (pH~0.5), f-
DETA26TMOS26W19-HPO23 (pH~2), and f-DETA22TMOS22W31-HAC140 (pE>dere
investigatedby *°Si CPMAS NMR technolog. Three gels, one from each coating recipe, were
prepared and cured at 130°C for 4 hrs., and a fourth gel was derived from the thecneci
cured at 170°C for 4 hrén the following discussion, the four samples will be abbreviated in the
text as HC.27, HPO23, and HAC14®, and HAC14&", but their full name will be used in
related fgures and tdbs. The superscripts 130 and 170 rsgmethe cumng tenperature for
sample HAC140. igure 5.8shows the stack-plottédSi CPMAS spectra (cdact time=2 ms)

for these far gels.

40 -60 80  -100 -120 ppm

Fig. 5.8. The?®Si CPMAS solid state NMR spectra for seeral f-DETA/TMOS gels
prepared under different conditions.

In these *°Si NMR spectra, T dispjs abroad peak from -50 to -70 ppm, whereas Q
displays a broad peak from -90 to -110 ppm. Both peaks include several overlapping sub-peaks,
which correspond to®T T, T and P or @, Q, @*, Q* and Q*, respectivly. By a simple
comparison, it can be easily concluded that both a lower pH and a high curing temperature
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tended to increase the population 8f lowever, similar changes in pH and curing temperature
seems to have no obvious influence on the distribution of Q. If the relative signal intensities for T
and Q are compared, one can find that the T/Q molar ratios (~0.8) for these spectra are much
lower than the actual T/Q molar ratio in the recipe (1.85). Therefore, Q species in the f-
DETA/TMOS gel, especially ® which has few proton neighbors, were not fully polarized under
the applied CPMAS conditions.

Quantitative’®Si CPMAS studies were carried out for the four -DETA/TMOS samples.
Figure 5.9shows the peak intensity at different contact times and the simulated curves for
samples HCL27 and HAC14%, respectively. While most silicon species show an apparent
decay in peak intensities within contact time from 4 ms to 16 ms,tkigQal, especially in
sample HAC14Y°, does not decay until the contact time is longer than 8 ms, indicating an
especially large cross polarization constant for the species. In general, the silicon species in
sample HAC14Y°, including d, reach their maximum polarization at a longer contact time than
in sample HCL27 due to the lower proton concentration in the former gel. HAE 2@

HCL27 gels were developed from a water-abundant condition and a water-sufficient condition,
respectively, hence more proton-containing alkoxy groups were eliminated in sample HRC140
by either hydrolysis or alcohol-forming condensation.
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Fig. 5.9. Intensity of each silicon species as a function of contact time’i8i CPMAS NMR
spectra for gels -DETA22TMOS22W31-HAC140 and f-DETA31TMOS31W5-HCL27.

During the curve-fitting, the signals of less populated silicon species suctand @
were too weak, and hence their peak areas could not be accurately calculated. To obtain a
convergent or repeatable estimation fegHl T1,(H) for these silicon species was fixed to a
value obtained from an abundant silicon speciésnight have a large presence in the sample,
however, due to a largesik,, its signal did not show an apparent decay until a contact time of 8-
16 ms. To fit the Gintensity curve, spectra at higher contact times were required. However, with
500 acquisitions, the obtained spectra often had extremely poor S/N ratio if the contact time was

greater than 16 ms. For a better S/N ratio, the number of acquisitions should be at least
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quadrupled in future NMR experiments, which meangaficant increase in experimental
time. For this reason, quantitative treatments were not carried out.for Q

Table 5.4ists the CPMAS NMR simulation parameters for ge®LIA7 and HAC148*.
For the sample BL27, T;,(H) for all silicon species is 5-8 ms, whilg; for most silicon
species other than’@s in the range of 0.8-1.4 msi case of sample HAC146°, Ti,(H) is

around 9-12 ms, andg]y for silicon species other thart @ around 3 ms.

Table 5.4. Curve fitting parameters for 2°Si CPMAS NMR spectra of gels f-DETA31
TMOS31W5-HCL27 and of f-DETA22TMOS22W31-HAC140

Silicon Chemical Tip(H) Tgn lo (countxppm)
Species Shift (ppm) (ms) (ms)
f-DETA31TMOS31W5HCL27 (aured at 130°Gor 4 hrs.)
T ~48 8* 3.0+2.3 11+2.3
T? ~58 5.3%x1.0 0.81+0.15 253+ 25
T3 ~65 4.6+0.5 1.5+0.2 525+ 42
Q° ~94 6.7+1.0 0.79+0.12 77+ 6
Q° ~100 7.9+0.6 1.4+0.1 617+ 28
f-DETA22TMOS22W3tHAC140 (cured at 130°€r 4 hrs.)0
T ~48 10* 3.0+2.3 11+2.3
T? ~58 12+1.4 1.7+0.2 433+ 27
T3 ~65 10* 2.2+0.4 190+ 17
Q° ~94 9.1+5.6 27+1.6 67+ 28
Q° ~100 10+2.3 3.1+0.7 637+ 99

* The cunefitting is ether non-convggent or not urjue, so T,(H) wasfixed to an acceptable value
according to the rest of the calations.

Since no quantitative data could beaibed for @, only the distribution of T was
calculatedTable 5.5lists the reqes, cunng conditions, and the relative concentration of edch T
in the four -DETA/TMOS samples. Thadt three samples reflect the influences of the water
concentration and pH on thgtent of comlensation of T. As pH increas from 0.5 to 4.2, the
extent of condensation in T appargndecreasedn spite of its watedeficiency, sample KCL27
still has the highest extent of condensation of T, indicating the predominant influence of pH over
the condensation rate. Note sampleli27 mght have absdoed some moisture fromravhen it

was dried at room temperature under ambient conditions. The last two s@hable$.4)were
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based on the same formulation but cured at different temperaturespées, the xdent of

condensation of T in the gel cured at 170°C was higher than in the gel cured at 130°C.

Table 5.5. The distribution of T in gels f-DETA31TMOS31W5-HCL27, f-DETA26TMOS26
W19-HPO23 and f-DETA22TMOS22W31-HAC140.

# | Sample Name pH/r C()Cnudriizgns T | T | (%) Ci)r:tdg:\s.
1 | [DEVAZIMOSIL | os055| 130°C | 1103 | 3264 | 676 | 88:13
2 | [DEMACOIMOSZ6 | 222 1soc ~0 50+5 | 50%#5 | 83%12
g | [DEVAZETINOSZ2 | goma | 139°C | 2:04 | 68:5 | 303 | 76:9
g | [DEIAZEIINOSZZ | agima | ATOC | 2:007 | 30:3 | s0x5 | 86x10

* Peak deconvolution routine does notagivdeviatons. The deviations gien above are calculated according
to the curving fitng consideringthe error transfer ithe calculatn.

Samples A-F iable 5.6were studiedy singe-pulse Fourier transfored 2°Si MAS
NMR experiments to estimate the influences of pHraon the &tent of T and Q. Amiag these
samples, sample E was derived from a solution of f-DETA in ethanol, whbecathér samples
wereprepared usig anewly prepared f-DETA solution in 2-propanol.

The spectra fosamples A-F are stack-plottedfig. 5.10 The sngle-pulse NMR
experiment usudy yields more gantitative results, but requires a much longgrezgimenal
time. The integral ratio of Q to T (Q/T9rfthese spectra was found to be within 1.8-2.1, which
was quite close to the actual Q/T ratio B).B the formulae. Therefore, the distribution of both
T and Q should be gpoximatdy reflectedby these spectra. Accorgj to spetra A-D, samples
prepared in strong acidic med{gH=0-2.5 had a higher ebent of condensation of T than
samples prepared in weak acidic me(bal=4.2), however, the latter samples typically had a
higher extent of condensation of The curing temperature for samples A-D was 5°C lower than
the samples for CPMAS experiments, however, both expergyietded similar conclusions
about the distribution of T. Axxpected, raisig the wring tenperature (spectrum E vs F) and
water cocentration (spectrum A vs Bgd to increases in thatent of condesgation for both T

and Q. A lngh similarty between spectrum D and spectrunm Fiig. 5.10indicates that if f-
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DETA is freshy prepared, the traasterification do not lead to obvious decrease in xkené of

curing, which is in accord with tHéC CPMAS NMR eperiments stated earlier.

Table 5.6. The distribution of Q in f-DETA50TMOS50 gels prepared using different acid
catalysts and equivalent ratios of water to alkoxysilane (r).

" Curing Q? Q* Q* QIT

# | Sample Name pH/r Sohvent | onditions | (%) | (%) | (%) | Ratio
f-DETA22TMOS31

A | LDETAZT ~0.5/0.5 7 | 85 | 8 2.0
f-DETA22TMOS22

B | (ooAaT) Lis | 3 | 690 | 28 | 19

c | DETA28TMOSZ8 | .. P 125°C [ o | 79 | 16 | 21
W10-HPO24 ' Ahrs, :
f-DETA22TMOS22

D | (DETA2ZTN 4.2/4.4 > | s0 | a7 | 19
f-DETA22TMOS22 .

S e 42/4.4 | Ethanol > | 48 | s0 | 18
f-DETA22TMOS22 T 170°C

P DETAaeTN 4244 | 2Propanol | 47O > | 32 | e | 18

I f-DETA was stored in-bropanolfor less tham week
1. f-DETA was stored in etimol.
[l. estimatedy pH glass electrode.

The distribution of Q in these samples was calculated acpialithe peak areaerfQ?,
Q°, @ (Q° and @ did not appear) and the results are listefidble 5.6. Although the calcué
Q/T ratio was vey close to the real valuehd distribution of T could not be kcaulated sincehe
T peaks could not be relipbdeconvoluted. Aarrding to this table, at the same water
concentration (sample B vs D and g tontent of Q increases with the pH. Apected,
increasng the cunng temperature also causes an increase inxtieateof curing for Q (sample D
vs F).In conclusion, the sihg-pulse?®Si NMR experiments supported notlgrthe results of the
295 CPMAS experiments but also the speculations about the pH-depesdiecondersation
reactivty of T and Q stated earlier in this clap
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Fig. 5.10.2°Si MAS NMR spectra (Single-Pulse) for f-DETA31TMOS31W5-HCL27
(Sample A), -DETA22TMOS22W31-HCL20 (Sample B), f-DETA28TMOS28W10-HPO25
(Sample C), f-DETA22TMOS22W31-HAC140 (Sample D), f-DETA22TMOS22W31-
HAC140 (Sample E), and f-DETA22TMOS22W31-HAC140 (Sample F).

5.4.CONCLUSIONS

The hydrolysis and condensation of the f-DETA/TMOS system at pH 0-2 and pH 4-5
were studied usinSi NMR spectroscopy. The results showed triethoxysilane groups (T) in f-
DETA condensed as fast as TMOS (Q) at pH 0-2, but lagged far behind the latter at pH 4-5.
Gels derived from various f-DETA/TMOS coating recipes were studied &g
CPMAS NMR. Generally, 1,(H) was found to be about 3-5 mg.Jwas around 0.1 ms for

most carbon atoms except the carbonyl carbons, wheogevas ca. 0.4 ms. If the gel was
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prepared under a water-abundant condition, the contents of residual ethoxy and methoxy groups
were rather low. However, these groups could have a relatively large presence if the gel was
developed under a water-deficient condition. In cases when the f-DETA was stored in 2-propanol
for more than 3-4 weeks, the resulting gel could have a rather high concentration of 2-
propoxysilane groups. The 2-propoxysilane groups were mainly formed during storage by
transesterification of the ethoxysilane groups with the solvent 2-propanol. These groups are less
reactive than methoxysilane and ethoxysilane groups in hydrolysis and condensation reactions
and are prone to remain in the final gel. Although the urea groups in f-DETA can be potentially
hydrolyzed during the sol-gel reactions, however, experiments indicated that only a very small
fraction of these groups was actually hydrolyzed.

295 solid state NMR spectroscopy was used to estimated the relative compositions of the
T? and @ in the cured gels. For the f-DETA/TMOS gels, An increase in the pH in the range of 0-
5 increased the extent of condensation of the Q species, but decreased that of the T species. As
expected, raising curing temperature and water concentration also led to increases in the extent

of condensations for both T and Q.



CHAPTER 6. MORPHOLOGY OF F-DETA/TMOS GELS

6.1.INTRODUCTION

Primary clusters formed during a sol-gel process usually have a highly irregular structure,
which is dependent on pH and equivalent rat)ao{ water to metal or semi-metal alkoxide in
the syster¥8. In strong acid media with a smal{ca. 1), silica sols developed from
tetraethoxysilane usually consist of extended primary clusters, and may be capable of drawing
fibers. Still in acid media but with a high(ca. 20), sols developed have less extended clusters,
and are usually not spinnable. In basic media, sols developed are usually particulate, not
spinnable, and tend to form a poroustéfel

The structure of sol-gel derived clusters can be generally described by mass fractal
geometry’.92 The space filling ability of the clusters can be reflected by the mass fractal
dimension [ass Which is determined by the power law relationship between the mass (M) of the
cluster within any randomly selected region and the radius (R) or a characteristic size of that
region:

M ORP™s  0< Dpass< 3 Eqn. 6.1

according to Eqgn. 6.1, extended primary clusters should have a low fractal dimension while
condensed clusters should have a high fractal dimension. The fractal dimension of silica primary
clusters developed from TEOS in an acid medium usually have a mass fractal dimension of 1.8-
2.0, while in a basic medium, the silica primary clusters usually have a mass fractal dimension of
2.8-3.(%6.190 Clearly, the mass fractal dimension quantitatively reflects the space filling ability of
the silica clusters, i.e. the structural openness of the silica clusters.

The porosity and surface smoothness of a thin film deposited from a sol are related to not

only the primary clusters in the sol, but also the subsequent aggregation and drying processes.
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According to Brinker et &9.99 during film formation, the primary clusters in a layer of sol

aggregate as solvent evaporates. Subsequently, these aggregated clusters interpenetrate into one
another and collapse under the capillary forces exerted during the final stage of drying. The

extent of cluster interpenetration depends on the mass fractal dimension of the clusters.
According to Mandelbr@8g, the mean number of intersections; (yifor two clusters of radius R

and mass fractal dimension of,R3sto occupy the same position of three dimensional space is:

M,, O Rms Egn. 6.2

According to Egn. 6.2, if the clusters have a fractal dimension of less than 1.5, the mean
number of intersections between two clusters approaches zero as R indefinitely increases. This
means the clusters are mutually “transparent”, and can move through each other freely. On the
other hand, if the fractal dimension of the clusters is greater than 1.5, the mean number of
intersections increases indefinitely with R. This means the clusters are mutually “opaque”, and
overlap of clusters are not possible. In fact, real clusters are finite in size, so clusters should
never be completely “transparent” nor completely “opaque”. Based on these analyses, silica sols
formed in acidic media usually have a low fractal dimension and are more likely to form smooth
and structurally compact films. In contrast, sols formed in basic media usually have a high fractal
dimension and are more likely to form rough and porous coatings.

The f-DETA/TMOS sol-gel system is a system consisting of triethoxysilylated
diethylenetriamine and tetramethoxysilane, which is essentially a binary system of
alkyltriethoxysilane (T) and tetraalkoxysilane (Q). This sol-gel system has been used to develop
abrasion resistant coatings for a variety of polymer or metal sub&t&t®s51 This chapter
provides a general comparison of the pH-dependence of condensation reactivity between T and
Q and then discusses the influences of the reactivity order of T and Q on the morphology of the
final -DETA/TMOS gel. Small angle x-ray scattering (SAXS), atomic force microscopy (AFM),
and scanning electron microscopy (SEM) are utilized to reveal the influencesrofagihg of
the gel and evaporation of the solvent on the morphology of the resulting f-DETA/TMOS

coatings.
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6.2. EXPERIMENTAL

6.2.1.Materials and Surface Treatments

Diethylenetriamine (DETA, 98%), 3-aminopropyltriethoxysilane (3-APS, 99%),
tetramethyoxysilane (TMOS, 99+%) and 3-isocyanatopropyltriethoxysilane (3-ICPTES, 95%)
were purchased from Aldrich Chemical Company and used without further purification. F-DETA
was prepared by reaction of DETA with 3-ICPTES (mole ratio 1:3.15) in the solvent 2-propanol
or ethanol. The material prepared by this method was a 70 wt% solution in 2-pr(5|95®bll)(
or ethanol (EtOH).

Coating recipes were formulated using f-DETA, TMOS, water (RfiDH or EtOH, and
an acid catalyst. The acid catalyst was either hydrochloric acid (HCL) or acetic acid (HAC). The
coating recipe is named according to the concentrations of the coating components. The
concentration of each major component is given as a weight percentage based on the total weight
of the four major components, which include f-DETA, TMOS, water and alcohol solvent. The
acid catalyst concentration is given as millimoles per kilogram of the recipe excluding the
catalyst (mmol/kg), and it is separated in the nomenclature from the major components by a
dash. For example, recipe f-DETA31TMOS31'®®H33-HCL27 indicates the system includes
31 wt% f-DETA, 31 wt% TMOS, 5 wt% water and 33 wt% 2-propanol, and the concentration of
the hydrochloric acid catalyst is 27 mmol/kg. However, when discussing the influence of water
concentration, the equivalent ratio between water and alkxoxysilpiseoften used instead of
the weight percentage concentration.

Among the four major components in the -DETA/TMOS system, water is only partially
miscible with f-DETA and TMOS, while any other two components are completely miscible.
However, either heterogeneous or homogeneous mixtures might be hydrolyzed to transparent
sols in the presence of an acid catalyst. During the coating formulation, pH was measured using a
pH glass electrode calibrated using a standard buffer solution (pH=4). Recipes including equal
weights of f-DETA and TMOS (f-DETA50TMOS50) usually had a gelation time of from 5-15
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min. at pH 0-2, to about 8 hrs. at pH 4-5. These formulae were generally allowed to hydrolyze

for a period so that transparent sols were obtained. For SEM and SAXS experiments, gel samples
were prepared by casting these sols into polystyrene dishes as films. Films for SEM experiments
were about 1-2 mm thick, while for SAXS experiments, they were 0.1-0.5 mm thick. For AFM
experiments, smooth coating samples were prepared by spin-coating these sols onto bisphenol-A

polycarbonate substrates.

6.2.2.Characterization

Specific surface areas were measured under a static process by means of a Micromeritics
ASAP 2010 instrument. The specific surface area was calculated by the BET method and the
average pore size was calculated by the method proposed by Barrett, Joyner and Halenda (the
BJH method)9L

Scanning electron microscopy was conducted on a Cambridge 200 Stereoscan
microscope. The gels were broken into fragments of ca. 1 mm in diameter, dried at 170°C for 4
hrs., and adhered to SEM mounts with graphite double-sided tapes. The sample along with the
SEM mount was sputtered with a thin layer of gold to impart the sample surface with electrical
conductivity.

Small angle x-ray scattering (SAXS) studies were conducted for gels (in film form) of f-
DETA or its mixtures with TMOS. A Philips x-ray generator (model PW1729) was used to
provide Cu K radiation (1.54A) and the x-ray was filtered by a nickel filter and collimated by a
slit. The experiments were carried out in vacuum and a Kratky-Siemens camera and an M Braun
positive-sensitive detector was used. The angular dependence of scattering intensity I(s) was
plotted as relative scattering intensity, (I), vs the scattering vector, s, defined by:

s:gsing Egn. 6.3
A2

wheref is the radial scattering angle.
Atomic force microscopy (AFM) was conducted by the tapping mode using a Digital

Instrument’s DI dimensional 3000 instrument and a tapping mode etched silicon probe. A height
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image and algase image were obtained for each sanipléheheight images, bght areas
usualy correspond to protrusions, while for eamages, téy correspond to théarder or less

adhesive regions.

6.3.RESULTS AND DISCUSSION

6.3.1.The pH-Dependence of Condensain Reactivity for T and Q

The sol-gel process of an f-DETA/TMG§stem includeself-condensation T-T and Q-
Q as well as cross-cdensation T-Q. Here T peesents -Si(OEf)groups or its derivatives while
Q represents the tetrethokysilane or its derivatives. fie rdative reaction rates argpmected to
influence the distribution of the f-DETA and TMOS (condensation residuals) in the gel.
However, the OH/OR substituents on the same silicon atomlysigahot have equal
reactivities and the rate constants of coisdeaon may depend onhe extent of condensation.
Therefore, it is not possible to estimate the sequence distribution of the monomers ifbyhe gel
the same statistical method used for linearighg/ crosslinked organic copgmers. Tadate,
little information is available regarding the co-condensation between the T and Q monomers.
This section attempts to dgae the pH-dependence of readinof T and Q towards self-
condensation according to the inductive effect of the substituents of the silicon central atoms.
The condesgation for a tetraalkoysilanehas been kown qualitativey in the whole pH
region. The overall condsation rate is governdualy three major reactions: 1) acid dgtzed
condensation, 2) lsa catéyzed condensation, at®) dissolution of sil@ane bonds (rerse
reactions of condensation). A minimal demsation rate is usuglobseved at ca. pH 2, whh is
close to the isoelectric poi(HfEP) and the point of zero surfadeoge (PZCXf silica. The
condensation below pHd&curspredominanty by acid-catéysis, so the reaction rate decreases
as pH increases. Within thenge ofpH 2-8, bae cdalyzed condensation becomes predominant

and hence, the condensation rate increases Isteathi pH. The dissolution rate of siloxane
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bonds are generally unimportant within pH 0-4, but increases distinctly at pH>7. Because of this,
the overall condensation rate drops sharply at pH>8.

Due to the presence of the electron-donating alkyl group, the silicon atom of T has a
slightly higher electron density than that of Q. In the transition state, the silicon atom bears a
partial positive charge and a negative charge in the acid catalysis mediamdrbase catalysis
mechanisr?®, respectively. Therefore, T should be more reactive than Q towards the acid-
catalyzed condensation, but less reactive than the latter towards base-catalyzed condensation.
These inductive effects have been supported by a few experiments. P&8lretva.studied the
pH-dependence of the dimerization rate of 3-aminopropyldimethylsilanol, 3-glycidoxypropyl-
methylsilanediol, and 3-glycidoxypropylsilanetriol, which have three, two and one alkyl
substituents at the central silicon atoms, respectively. The results showed that the minimum
dimerization rates of these three compounds occurred at pH 6.5, pH 5.8 and pH 4.5, respectively.
Hence, as the number of alkyl substituents increased, the silanol was increasingly prone to
undergo the acid-catalyzed dimerization. Pkarakar et al. studied the condensation of
ethylsilanetriol and orthosilicic acid formed during hydrolysis of ethyltriethoxysilane and
tetraethoxysilar®. They found that at pH 1.7 and pH 2.2, the self-condensation of T was greater
than cross-condensation between T and Q, which was in turn greater than the self-condensation
of Q. InChapter 5the sol-gel processes of the 3-methacryloxypropyltriethoxy-silane (3-
MPTES)/TMOS, the [N-(3-triethoxysilyl)propyl-N’N’-diethyljurea (UREA) /TMOS system, and
f-DETA/TMOS system were described. The results showed that at pH 0-2, T in all three systems
condenses as fast as or even faster than Q; while at pH 4-5, Q condenses much faster than T.
These experiments are obviously in accord with predictions based on inductive effects.

Based on the similarity between T and Q, inductive effects, and experimental evidence,
the pH-dependence of condensation reactivity of T and Q are systematically illustifatgd in
6.1 T and Q show similar relationships between the condensation reactivity and pH. However,
due to the inductive effect, T condenses at a minimum rate at ca. pH 4.5, so the reactivity curve
of T is expected to be roughly the reactivity curve of Q but with a shift to the right side by ca. 2.5
pH units. T of ethyltriethoxysilane has little steric hindrance from the ethyl group, so it is

expected to condense faster than Q of TMOS within pH 0-2. T of f-DETA, however, contains a
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bulk alkyl group, so it may condense slightly slower than Q of TMOS due to the steric
hindrance. At pH 4-5, T of ethyltriethoxysilane and f-DETA condenses nearly at its minimal
rates. However, at this pH, Q of TMOS condenses predominantly by base-catalysis, and its
overall condensation rate is expected to be much faster than its minimum rate at ca. pH 2.0 as
well as the condensation of T within pH 4-5.

% f-DETA31TMOS31W5-HCL27

> f-DETA22TMOS22W31-HAC14(

LogK o

[

|

: !

. EtSi(OEty, |
|

|

Fig. 6.1. The suggested approximate pH-dependence of the condensation rates for TMOS,
EtSi(OEt); and f-DETA.

The major difference between f-DETA and a normal alkyltriethoxysilane is that the
former has three triethoxysilyl groups (9 Si-OEt groups) in each molecule while the latter has
only one such group. Assuming all silanol/alkoxysilane groups in f-DETA have equal reactivity
in the sol-gel process, according to the Flory and Stockmayer theory (ignoring closed-loop
condensation), the critical extent of condensation for the system to reach gelation is 22.2%
(critical extent of reactiondp Even if further condensation of &nd T is ignored, conversion

of 66.7% of all T to T will lead to the gelation of the system. Therefore, at the same reaction
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conditions, an f-DETA solution usuglreaches the point of gelation much earlier than an

ethyltriethoxysilane solution containing the same concentration of T.

6.3.2.The Influence of pH on the Morphology

pH andr in the recipe arehe two important faadrs influencng the gel morphalgy. F-
DETA50TMOS50 recipes were formulatby adjusting pH to various levels using several acid
catdysts {Table 61).

Table 6.1. F-DETA50TMOS50 recipes famulated using different catalysts

# Catalyst pH Comments
1 HCL 0.52
> HPO 2427 Smoothand transparent coating coulq be prepared by
dip coating and spin coating
3 HAC 4.04.2
4 HAC andTMAAC (1:1) ~5
Often forms precipitation osilica
5 TMAOH ~11

HCL: hydrochloric acid

HPO: phosphoric acid

HAC: acetic acid

TMAAC: tetamethylammonium acetate
TMAOH: tetamethylammonium hydroxide

For the f-DETA50™MOS50systems, smooth transparent coating films could be formed
easly within the raange ofpH 0-5. However, with a pH>5hé system often fomed a white
precipitate, which was not suitable for cogtapplications. The white precipitation is believed to
be maity silica since Q from TMOS condense rather fast in this pigeaAlthaigh transparent
sols of -DETA were formed at pH 11 ,ahoften did not rm smooth transparent coatingys
this chapter, the morphagy of films and coatingderived from f-DETA50TMOS50 recipes at
different pH in the rage of 0-5 is compared.

Small angle X-ay scattemg (SAXS) was congtted on four gels derived from f-
DETA50TMOSS0 recipes. The tested gels are derived from f-DETA22TMOS22W3PHCL
(r= 4.4, pH=1.7), f-DETA31MOS31W5-HCL27 (= 0.55, pH= 0.5), f-DETA22 TMOS22W31-
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HPO20 (= 4.4, pH=2.5), and -DETA22TMOS22W31-HAC140:(4.4, pH= 42). The first
three recipes wenare-hydrolyzed for 5, 5, and 30 min., respectiyevhile thelast one was pre-
hydrayzed for 6 hrs., then cast in petyrene dishes andried slowy over a three-day period at
room temperaturdn the followng discussion, these gels will be mentionety/ day the catyst
portion in their recipe nonmelature, for @ample, HAC140dr f-DETA22TMOS22W31-
HAC140.

f-DETA22TMOS22W31-HCL20
o f-DETA22TMOS22W31-HPO20

= f-DETA22TMOS22W31-HAC140
o f-DETA31TMOS31W5-HCL27

ring Intensi

Rel ative Scatte

%l
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Fig. 6.2.Small angle x-ray scattering profiles (arbitrarily shifted along the y-axis) for 0.2-
0.3 mm thick -DETA/TMOS fil ms derived from different acid catalysts.

Generdly, due to shrinkage causéy syneresis (continuous condensation) and capilla
forces diring agng, dying, and cumg processes, the primyaclusters deeloped before gelation
become intgrenetrded and aggregated. htee the mass fractal dimensions of the pryma
clusters cannot be tdinedby a SAXS aalysis of te gel, btipores or fluctuation of any
components in the nanomeseale can still be detectedin principle, SAXS can measure the size
of structural modulations in electron degsiithin an upper limit of 500 AFigure 6.2shows the
SAXS profiles for the four films (0.2-0.3 mm thick) mentioned above. GEIls28 and HPO20,
which were dexied from water-abundant recipes<4.4), exhibited obvious scattering in the
range of s = 0-0.01 A. Thescatterig is believed to be due to the particulate features (residual
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pores) or a very uneven distribution of f-DETA (actually f-DETA remainder) in the films. Gel
HCL27 was prepared in a strongly acidic solution with a deficient amount of wa@eb), and
hence more extended clusters are expected to form in the sol. During drying and curing, these
clusters can interpenetrate each other and hence the final gel should have a low porosity. The
very weak scattering in the SAXS profile indicates that this gel was structurally uniform in the
length scale of 10-500 A (the effective range for SAXS). Gel HAC140 was prepared at pH 4-5
under a water-abundant condition (r=4.4), in which case the condensation rate of f-DETA was
rather slow and hence open primary clusters are expected to form. Although the condensation of
TMOS was relatively fast under this condition, due to the low molecular weight of TMOS, the
particle size of silica should be limited. Actually, this gel typically only showed very scattering
in the SAXS profile, so it was also structurally uniform in the length scale of ca. 500 A.

Similar experiments were also carried out for formulae that contain f-DETA but no
TMOS. Generally, gels formed using hydrochloric acid showed obvious scattering in the range
of s=10%-3 x10° A, although this angular region is close to the limiting resolution of SAXS.
Gels formulated with acetic acid catalyst showed rather weak scattering across the whole angular
region. Since f-DETA is the only silane-containing component, the observed scattering is
believed to be due to the pores existing in the gels, whose sizes and distributions are highly
dependent on the fractal dimension of the primary clusters.

Figures 6.3-6.5how the AFM tapping mode images of gels HCL230(5), HCL20
(r=4.4) and HAC140rE&4.4), respectively. The images (note the differences in the image scale)
were obtained from the coatings of these gels on bis-A PC subsfigie® 6.3indicates that
the continuous matrix of gel HCL27 is rather structurally homogeneous although particles of 0.1-
0.2um in diameter are present. These large particles, as indicated by the dark domains in phase
diagram, should ber@latively soft material, while the matrix part should beekatively harder
material. These large f-DETA rich domains were formed because of the higher molecular weight
of f-DETA and its high condensation rate in strong acid media. Apparently, both the radius of
gyration of these particles and their correlation distance had exceeded the resolution limit of the
SAXS and hence no correlation length of this magnitude could be detected. Gel HCL20 was

different from gel HCL27 only in the water concentration. However, it showed a rather different
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structure as indicated in its height and phase imadégi6.4.Unlike gel HCL27, gel HCL20
was modty composeaf hard sfnerical particles of ca. 50 nm in diameter endsztlin a soft
continuous matr. Gel HAC140 was prepared ngithe same amount of water as was gel
HCL20, however,he former was prepared at ca. pH 4.2gsin acetic acid cdfgst. Figure 6.5
indicates that gel HAC140 is also partidelan morpholgy, however, it is made of smaller (ca.
20 nm) and less regular pataés. This gel genergllony showed weak scattering in its SAXS
profile, suggesting lhe particulée feature oly exists on the surface.

The SAXS and AFM results cde rationalized thnagh the pH-depetenceof
condensation reactiyi of f-DETA. With a high codensation ree of f-DETA at pHO-2, the f-
DETA or f-DETA-rich clusters grow rather fast and these clusters tend to cdiiapsea-
cluster condesation (closed-loop condensation), thus legdo relativéy dense andgid f-
DETA or f-DETA-rich particles (darge Dnasg. These particulate features arenswvhat
maintained as residual pores oeuen distributed f-DETA components aftke iying and
curingprocesses. On the other hand, if the sol-gel reaction is carried out at pH 4-5, the
condensation ta of f-DETA or f-DETA-rich clusters are much lower and henloe résultng
clusters have a moretended structure. Although the adamsation of TMOS is rather fastder
this condition, due to the low molecularigkt of TMOS, the growth of particles should be
limited before tley condense with f-DETA. fese &tended clusters far can interpeetrate me
another whenhe solvent evagrates, so a ore chemicdly uniform and low prous gel is formed

after the gel has been dried and cured.
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Fig. 6.3. AFM tapping mode images showing surface features of a f-DETA22TMOS22W31-
HCL20 coating
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Fig. 6.4. AFM tapping mode images showing surface features of a f-DETA22TMOS22W31-
HCL20 coating
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Fig. 6.5. AFM tapping mode images showing surface features of a f-DETA22TMOS22W31-
HAC140 coating

6.3.3.The Influence of the Water Concentration on Gel Morphology

The water concentration in a sol-gel system can have a critical influence on the
concentration of silanol groups. Generally, a decreaseaduces the average functionality of
the monomer and hence lowers the mass fractal dimension of the resulting clusters. In addition, it
may also significantly change the dielectric constant and polarity of the solvent.

Six pure f-DETA gels (46 wt% in 2-propanol) were hydrolyzed and condensed by adding
water and hydrochloric acid catalyst. In these recipes, pH was controlled between 0-2 and the
amounts of f-DETA and the solvent 2-propanol were fixed. The water concentration was
gradually increased so thain these recipes was 0.46, 0.92, 1.8, 3.6, 7.2 or 14.9, respectively.
By this formulation method, the increaser afas accompanied by a slight decrease in the f-
DETA concentrationFigure 6.6shows the SEM micrographs for the fracture surfaces of the
resulting six gels. Generally, whemwas 0.46 and 0.92, transparent gels were obtained.
According to SEM studies, the gel with= 0.46 showed a smooth fracture surfdag.(6.6).
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Asr increased to 0.92, the fracture surface topography became slightly Fough. @),

indicating an increase in the particulate feature in the geal.iAsreased to 1.8, 3.6 and 7.2,

white porous f-DETA particulate gels were formed instead. The particle sizes in these gels are
~0.4um in Fig. 6.&, ~2um in Fig. 6.61, and ~2um in Fig. 6.6, respectively. As further

increased to 14.9, a nearly transparentigel. 6.6) was obtained again. This gel distinctly had

a more compact structure, however, fine particulate features could still be distinguished by SEM.
Under this water-abundant condition, it is conjectured that the silanol groups were stabilized by
water, so the growth of clusters and intra-cluster condensation occurred at a slow rate and hence
the clusters could remain suspended during the pre-hydrolysis process. Since the particle size
was well below the wavelength of visible light, the film obtained was nearly transparent. The
stabilization of the system by water could be visualized by the immediate flocculation and
precipitation of the transparent sols of f-DETA or f-DETA/TMOS when 2-propanol or ethanol
was added to this pre-hydrolyzed system.

Similar experiments were conducted within the range of pH 0-2 in an ethanol medium by
adjustingr to 0.46, 0.93, 1.8, 3.6, 7.2 and 14.9. However, the concentration of f-DETA was
maintained constant at 18 wt% by controlling the ethanol concentrationindeased, this
series of gels also exhibited the same morphological transition as shown in the gels prepared in
2-propanol Fig. 6.7). It is believed that asincreases, both the silanol concentration and the
polarity of the medium are increased. The former accelerates the cluster growth rate and intra-
cluster condensation, while the latter stabilizes the silanol groups and decreases the cluster
growth rate and intra-cluster condensation. The former effect is expected to be more important at
a smallr. However, after increases to beyond a critical valtlee latter effect can significantly
offset the influence of the former, thus leading to formation of smaller particles.

Pure f-DETA gels were also prepared using an acetic acid catalyst (pH~4.0) and an value
of r changingfrom 2.2, 4.5, 8.9, 17.8 or 35.6. The series did not include the conditiorrs of
0.46 and 0.93 since the hydrolysis rates under these conditions were very slow. Highly
transparent gels of f-DETA were obtained under all conditions except2d, in which case a
translucent gel was obtained. The gels developed at ca. pH 4 with an acetic acid catalyst differed

from those developed at pH 0-2 with a hydrochloric acid catalyst. In the latterrcaak®s of
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1.86, 3.72 and 7.44 corresponded to porous particulate gels. SEM shows that the translucence of
the gel withr = 2.2 is not caused by the particles, but by the remaining pores, especially pores on
the surfacesHig. 6.9. For some reason, gradual condensation in the gel (often called
microsyneresis) appears to have led to the formation of large pores that could not be collapsed by
capillary forces (Note this gel was slowly dried at room temperature).

At pH 0-2 using a hydrochloric acid catalyst, the influence af the morphology of the
f-DETA50TMOS50 gel was also systematically studied. As indicated by AFM and SAXS
earlier, the mixture formed a more structurally uniform gel=0.5 although some large f-
DETA rich particles were noted. Howeverfat 2.0, an obvious particulate gel was formed as
revealed by the SEM image kig. 6.9 Asr was further increased to 4.4, a highly transparent
but still particulate gel was obtained (the HCL20 gel discussed earlier). It is believed that at pH
0-2, the cross-condensation between TMOS with f-DETA blocks parts of those reactive T, so the
size of clusters in the f-DETA/TMOS system is usually much smaller than the pure f-DETA

system.



Chapter 6 184

(e)

Fig. 6.6. SEM micrographs of f-DETA gels derived in 2-propanol using HCL catalyst at pH
~0-2. (a) r =0.47, (b) r=0.93, (c) r=1.86, (d) r=3.72 (e) r=7.44, and (f) r=14.9
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Fig. 6.7. SEM micrographs of f-DETA gels derived in ethanol using HCL catalyst at pH ~0-
2. (a)r=0.47, (b) r=0.93, (c) r=1.86, (d) r= 3.72 (e) r=7.44, and (f) r= 14.9. The f-DETA
concentration was fixed at 18 wt% by changing the amount of ethanol.
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(@) (b)

Fig. 6.8. SEM micrographs for gel -DETA23W33-HAC138 (r=2.2) (a) the gel surface; (b)
internal fracture surface of the gel.

Fig. 6.9. SEM micrograph for the fracture surface of gel -DETA26TMOS26W19-HCL24
(r=2.2)
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6.3.4.The Influence of Drying Speed on the Morphology

When a sol is spread on a substrate, it includes high molecular weight clusters or
particles, low molecular weight polymers, and non-hydrolyzed or partly hydrolyzed monomers.
As the solvent evaporates, all these species aggregate and remain on the surface of the substrate.
These clusters or particles gel and interpenetrate each other. At the final stages of drying, the
pores between clusters or particles are collapsed by capillary forces and hence a monolithic film
is then formed on the substré&0

Pure cluster interpenetration is a diffusion process. As solvent evaporation is typically
accompanied by an increase in the condensation rate, so a slow solvent evaporation rate may be
beneficial to interpenetration of structurally dense primary clusters, especially for sols developed
in basic media. When f-DETA was hydrolyzed using tetramethylammonium hydroxide as the
catalyst (ca. pH 12) at14.9, a transparent sol was formed after ca. 10 hrs. of hydrolysis. As
this sol was spread on a bis-A PC substrate, the solvent quickly evaporated and a white powdery
material was left on the substrate. However, as the sol was slowly dried slowly in a polystyrene
dish, a highly transparent gel was obtained. In this example, the f-DETA sol contained
structurally dense primary clusters (a larggd?, which were unable to interpenetrate into each
other in a short period. However, interpenetration and collapse of pores became possible if the
drying process was sufficiently slow.

On the other hand, if the condensation or microsyneresis in a gel is so fast that relatively
large changes occur in the gel structure during the drying process, a fast drying rate may be
helpful for forming a low porosity film. Recipe f-DETA43W8-HCL38=(.9) usually formed a
porous gel. However, if the sol was spread and desolvented before big particles had formed, then
it was still possible to form transparent filnksgure 6.10shows a sectional view of a 0.9-mm
thick film of this gel. Near the surface shows a structurally compact layer although inside the gel
is a bulk porous gel. During the film formation, the surface layer desolvented quickly, thus
clusters within this layer collapsed and formed a structurally compact layer. Inside the gel,

however, the solvent evaporated at a much slower rate so that clusters or particles continued to
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grow, which eventually led to separation of the solvent from the gel and formation of porous

structure.

” S_lI.Jrface Layer

",;" I

Fig. 6.10. A sectional view of a 0.9-mm thick gel of f-DETA43W8-HCL38 gel showing a
structurally compact surface layer.

In general, when prepared at pH 0-2 using a hydrochloric acid catalyst, f-
DETA50TMOS50 usually formed a structurally compact gel at a low water concentratign (
or a high water concentratior>4). If acetic acid was used as the catalyst, either pure f-DETA
or a mixture of f-DETA with TMOS could form a structurally compact gel at relatively high
water concentrations¥4). The specific surface areas and pore sizes were measured for powders
of gels -DETA31TMOS31W5-HCL27, f-DETA22TMOS22W31-HCL20, f-DETA28W40-
HAC166, f-DETA26TMOS31W35-HAC144 and f-DETA22TMOS22W31-HAC166. The results
indicated that these samples had a specific surface area of c&/@-8 pore volume of ca.
0.004-0.007 crilg and average pore diameters about 60-100A. Therefore, f-DETA/TMOS gels
derived under appropriate conditions were generally very densely packed. The low pore density
of these gels helps to explain why the corresponding coatings are useful in protecting some
substrates from the attack of organic solvents and some corrosive chemicals.
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6.4. CONCLUSIONS

The morphology of the gels including f-DETA or f-DETA50TMOS50 has been discussed
based on the relative reactivities of T and Q. Due to induction effects, the condensation of T was
as fast as or even faster than that of TMOS at pH 0-2, but was slower than the latter at pH 4-5.
For this reason, systems including f-DETA or both f-DETA and TMOS tended to form relatively
large clusters in strong acid media and those clusters are inclined to collapse to relatively dense
rigid particles in water abundant conditions. On the other hand, if the sol-gel reactions were
carried out at pH 4-5, the condensation of f-DETA was rather slow, so the resulting clusters were
structurally more open, and less likely to collapse to dense rigid particles. These loose clusters
could well interpenetrate one another during the drying and curing process, thus forming
structurally homogeneous films although these gels still showed some particulate features on the
surface.

The influence of the water concentratiohto the morphology has also been discussed.

At pH 0-2, the sol-gel reactions of pure f-DETA tended to form gels with morphology changing
from mainly a monolithic gel, to porous particles, and to a compact particulaterggleaiially
increased. Similar behavior was observed for f-DETA50TMOS50 systems, however, this system
rarely formed porous particulate gels as in the case of pure f-DETA gel. In addition, the particle
size in the f-DETA/TMOS system was generally much smaller. The observed phenomena are
believed to be due to the blocking of some of the reactive T units by the Q units, which slows
cluster growth.

Finally, during the film formation, the solvent evaporation rate with respect to
condensation rate could influence the structure of -DETA/TMOS gels. On the one hand,
lengthening aging time may promote interpenetration of primary particles, thus leading to a low
porosity. On the other hand, it may also increase the influence of syneresis, hence leading to
further particle growth and pore formation. Both phenomena were observed in the f-DETA/
TMOS gels. The specific surface areas and pore sizes have been measured for several f-
DETA/TMOS gels, and the results indicated these gels were structurally compact, and thus could

serve as protective coatings.



CHAPTER 7. INORGANIC-ORGANIC HYBRID MATERIALS AND
THEIR POTENTIAL AS ABRASION RESISTANT COATINGS

7.1.INTRODUCTION

Eight years ago, it was found that the compound f-DETA, prodbgedaction of
diethylenetriamine and 3-tcyanatopryltriethacysilane (31CPTES), can be mcessedy a
sol-gel approach into abrasion resistant coatings to protbehpic substratés0. Since then,
the eploration for betterlarasion resistantaatingshave been mceedng along two directions:

1) incorporation ofnetal or semi-metal alkoxides into the f-DEBgstent2.13 and 2)
development of newrialkoxysilylatedorganic compound4:15152.153 After severhyears of
continuous research, the abrasion resistahE®ETA coatings ha®een significary

improved. New trialkaysilylated compoundsave also been prepared andwaf themyield
good to ecellent abrasion resistantatings. he structuresf thesenew compounds geraly
include linkages of urea, urethane, sulfones, phosphine oxide, melamine and bismaleiimide. The
triethaxysilyl groups are attded to the organ compounddy reaction of amine dnydroxy
groups with AICPTES, otby reaction of amine groups with bismaleichgdride, whichlater
reacts with 3-aminopraggtriethokysilane by a Michael addition reaction. These compounds are
generdly hydrayzed or cohydrayzed with tetraalkoxides to form sol-gel coatings. Since this
process involves crurrenthydrolysis and condesation of two silane components, it is referred
to as a one-step approach. Coatipigparedy this method are vg abrasion resistant but the
coatirg recipes usufy have a limited pot life.

This chapter continues the previoxpleration for new trialkgysilylated organic
compounds that can be poterifalsed for brasion resistantaatings In addition to the one-

step approach, tavo-step approaclnd amoisture-curing approachre also utilized for coating
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formation. The two-step approach is introduced to create a microphase-separated gel structure
that has more distinct inorganic particles embedded in a matrix that contains more organic
component. By doing that, it is hoped that a suitable balance between the hardness and toughness
of the material can be established. The moisture-curing method is explored because the process
allows formulation of one-part coating recipes. If this approach is successful, the pot life problem

plagued in the usual two-part coating recipes can be avoided.

7.2.EXPERIMENTAL

7.2.1.Characterization

'H, C, and®®Si NMR spectra were acquired using a 400 MHz Varian NMR
spectrometer. The refractive index was measured at 633 nm via a Metricon 2010 instrument
using 0.5-1 mm free sol-gel films. Similar films were also used for UV/Vis and small angle x-ray
scattering experiments. UV/Vis spectra were acquired using a Hitachi U-2000 spectrometer.
Small angle x-ray scattering (SAXS) experiments were carried out using adi&tion
from a Philips x-ray generator. The radiation was filtered using a Nickel filter and collimated by
a slit. The experiments were carried out in vacuum and a Kratky-Siemens camera and an M
Braun positive-sensitive detector was used.
Vickers hardness was measured on a LECO DM-400 hardness tester using a load of 10 g
and a loading time of 10 seconds. The coatings were prepared on glass slide substrates and had a
thickness of about 25-5@m. Since the penetration depth was usually less tipan, 3he
influence of substrate should be unimportant. All hardness data were based on the average of ten
measurements.
Pencil hardness test (ASTM standard 3363-92a) is a widely used method for evaluation
of scratch resistance of organic coatings. Here this test was utilized to rate the scratch resistance

of moisture cured coatings. The hardness value was expressed as the hardest pencil that failed to
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scratch the coating. The scale of hardness of pencils, arranged in the order of increasing
hardness, is 6B, 5B, 4B, 3B, 2B, B, HB, F, H, 2H, 3H, 4H, 5H, 6H, 7H, 8H, and 9H.

Taber abrasion tests were carried out using a pair of CS10 abrading wheels with a 500-
gram load per wheel. For transparent substrates, the abrasion resistance was evaluated by the
transmittance of the wear tracks after a specified Taber test. The density of scratches in the
micrograph of the wear tracks was also used to evaluate abrasion resistance. For opaque
substrates, only the reflection microscopy method could be used.

Transmission and reflection optical micrographs were taken using an Olympus DH2-
UMA microscopy. For reflection microscopy, a gold layer was sputtered on tested substrates to
enhance the image contrast of the wear-induced scratches in Taber wear tracks.

Scratch tests was carried out using a Micro Scratch Tester by Micro Photonics, Inc.
During the test, the coating is scratched by a progressively loaded indenter tip. The critical load
for the first failure, or the load that causes the first failure of the substrate, can be determined by

an optical microscope or an acoustic emission detector.

7.2.2.Chemicals and Preparation

Common chemicals frequently used in this work included 3-isocyanatopropyltriethoxy-
silane (95%, 3-ICPTES, Aldrich), tetramethoxysilane (99+%, Aldrich), Pt(0)(1,3-
divinyldisiloxane) (2% in xylene, Gelest), and 3-glycidoxypropyltrimethoxysilane (98%, 3-
GPTMS, Gelest). All these chemicals were used as received.

Silica colloid (Ludox, TM50, DuPont) was purchased from the Aldrich Company, and
zirconia (NAYCOL ZrO2AC) and alumina (NAYCOL AL20) were kindly provided by the PQ
Corporation. These materials were used as received.

Bisphenol-A polycarbonate (bis-A PC, Lexan, GE) was purchased from the Atlantic
Plastic Company, and pretreated with a 0.5 wt% solution of 3-aminopropyltriethoxysilane (3-
APS, 98%, Aldrich) before being coated. Aluminum substrates were purchased from the Q-Panel

Company and degreased with 2-propanol before being coated.
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Table 7.1lists the structures and abbreviations of trialkoxysilylated chemicals to be
addressed in this chapter. In this work, these chemicals were synthesized and used as starting

materials for formulating abrasion resistant coatings.



Table 7.1. Chemical structures and abbreviations of compounds containing multiple trialkoxysilyl groups
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Table 7.2. Concentrations and particle sizes of silica, zirconia and alumina

Colloid Particle Size Conc. (wt%] Conc. (Wt%¥
Silica (Ludox, TM50) 100 nm 50% 52%
ZrO, (NAYCOL ZrO2AC) 100 nm 25% 31%
Al,O, (NAYCOL AL20) 500 nm 20% 25%

A. Information provided by the manufacturer
B. Measured by weight analysis (the colloids were dried at 125°C/4 hrs., which is the usual coating curing
condition.)

7.2.2.1.Preparation of F-DETA and F-BAPI (Reference Systems)

7.2.2.1.1F-DETA

To a 250-ml flask were charged 10 g of diethylenetriamine (99%, DETA, Aldrich) and
37.2 g of anhydrous ethanol. As the mixture was cooled by an ice bath, 78.6 g of 3-ICPTES were
gradually added to the stirring mixture via a funnel within a period of ca. 30 min. After all the 3-
ICPTES had been added, the flask was capped with a septum and the mixture was stirred for

another 12 hrs.

7.2.2.1.2F-BAPI
The f-BAPI system has a structure very similar to f-DETAlle 7.) except that the

former has two more methylene groups. The compound was originally introduced by Wen et al
and coatings of its binary systems with tetraethoxysilane offered the same level of abrasion
resistance as the f-DETA/TMOS systém

The preparation of f-BAPI is rather similar to that of f-DETA. A 250-ml flask was
charged with 10 g of bis(3-aminopropyl)imine (98%, Aldrich) and 15 g of 2-propanol. As the
mixture was cooled by an ice bath, 29.6 g of 3-ICPTES were gradually added to the stirring
mixture via a funnel within a period of ca. 30 min. After all the 3-ICPTES had been added, the

flask was capped with a septum and mixture was stirred for another 12 hrs.
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7.2.2.2 Preparation of T4AM8Q and T4D4

The star monomers T4M4Q and T4D&ble 7.) have been introduced by Sharp and
Michalczyk in 199692 Transparent gels were formed by hydrolyzing these compounds in
aqueous or formic acid media, ahe gelation time was reported to be much shorter than that of
tetraethoxysilane and alkyltriethoxysilari¢o information about their abrasion resistance has

been reported to the author’s knowledge.

7.2.2.2.1T4M4Q
Twenty grams of tetrakis(dimethylsilyl) silicate (Gelest) and 0.020 g of Pt(dvs) (in

xylene, Gelest) were added to a 100 ml one-neck flask. While the mixture was stirring, 5 g of
vinyltrimethoxysilane (Gelest) were added. As tetrakis(dimethylsilyl) silicate reacted with
vinyltrimethoxysilane via a hydrosilylation reaction, the temperature of the mixture would
slightly increase. After hydrosilylation had been initiated, another 31 g of vinyltrimethoxysilane
were added in aliquots of ca. 5 g at an interval of ~30 min. After the mixture had cooled down,
the mixture was stirred at 60°C for another 12 hrs. The compound formed in the reaction was
confirmed to be T4M4Q b{N NMR and**Si NMR. This product was stored in a closed

container for future use.

7.2.2.2.2M4D4

To a one-neck flask were charged 34.7 g of 1,3,5,7-tetramethylcyclotetrasiloXane (D
Gelest), 5 g of vinyltrimethoxysilane (98%, Gelest) and 0.020 g of Pt(dvs). Note the cyclotetra-
siloxane starting material included some cyclopentasiloxahg énd cyclotrisiloxane ().

The mixture was heated at 60°C to accelerate the hydrosilylaton reaction. After confirming most
vinyltrimethoxysilane had been consumed (via FTIR), more vinyltrimethoxysilane was added.
Si°-H is not as reactive as"6H, so the hydrosilylation was carried out at 60°C rather than at
room temperature. A total of 36 g of vinyltrimethoxysilane was added in aliquots of ca. 5 g at an
interval of ca. 30 min. The product was stored in a closed container for fututel US€, and

29Si NMR spectra of the product are giverFigs 7.1-7.3The NMR spectra indicated the
hydrosilylation included ~15% df-addition (Si-CH(CH)-Si) and ~85% oéi-addition (Si-CH-
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CH.-Si) in the products. Some trimer and pentamer were alsalezby >°Si NMR
spectroscpy (Fig. 7.9.
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Fig. 7.1. The'®C NMR spectrum for tetrakis(( 2-triethoxysilylethyl)d imethylsilyl)tetra-
methylcyclotetrasiloxane
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Fig. 7.2. The?®Si NMR spectrum for tetrakis((2-tr iethoxysilylethyl)dimethylsilyl)-
tetramethylcyclotetrasiloxane. B’=cyclotrisiloxane, B"=cyclopentasiloxane, and A’ is due
to B-hydrosilylati on.
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Fig. 7.3. The'H NMR spectrum for tetrakis((2-triethoxysilylethyl)dimethylsilyl)tetra-
methylcyclotetrasiloxane. The Si-CH(CH)-Si linkage is caused b-hydrosilylation

7.2.2.3.Preparation of F-TEA

In a 250-ml round bottle flask were added 10 g of triethanolamine (98%, Aldrich) and 10
g of acetone, and the mixture was stirred until a transparent solution was formed. To the flask
were added 52 g (0.210 mol) of 3-ICPTES. The formation of urethane bonds was indicated by a
temperature increase of the solution. After the solution cooled down, the mixture was stirred in a
closed container at 60°C for another 24 hrs. and then diluted to 70 wt% with acetone. The
structure of f-TEA was confirmed B4 NMR and FTIR. This compound was stored in a closed

container; however, it gradually turned brownish due to an unknown chemical reaction.

7.2.2.4 Preparation of F-THPDEA

A one-neck flask was charged with 10 g of N,N,N'N'-tetrakis(2-hydroxypropyl)ethylene-
diamine (98%, Aldrich), 10 g of acetone (as a solvent) and 39 g of 3-ICPTES. The mixture was
stirred until a homogeneous solution was formed. About 0.1 g of dibutyltin dilaurate was added
as a catalyst. The expected formation of urethane bonds was indicated by a temperature increase
of the solution. After the solution (~83 wt%) cooled down, the mixture was stirred for another 12

hrs. This solution was diluted to 70 wt% with acetone and stored at room temperature in a closed
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container for future use. The formation of urethane bonds was confirmed by FT-IR. This

compound also gradually turned brownish due to an unknown chemical reaction.

7.2.2.5.Preparation of F-DISIL

To a 250-ml round bottom flask were added 20 g of 1,3-bis(3-aminopropyl)-1,1,3,3-
tetramethyldisiloxane (Gelest) and 26.5 g of 2-propanol (as solvent). As the mixture was cooled
by an ice bath, 41.8 g of 3-ICPTES were slowly added to the stirring mixture via a funnel. After
all the 3-ICPTES had been added, the flask was capped with a septum and the mixture was
stirred for another 12 hrs. The f-DISIL was a 70 wt% solution in 2-propanol. It was stored in a

closed container and used within a week.

7.2.2.6.Preparation of F-ISOP

To a 100-ml round bottom flask were added 20 g of 3-aminopropyltriethoxysilane and 13
g of 2-propanol (as solvent). As the mixture was cooled by an ice bath, 10.0 g of isophorone
diisocyanate (98%, Aldrich) was gradually added to the stirring mixture via a funnel. After all
the isophorone diisocyanate had been added, the flask was capped with a septum and the mixture
was stirred for another ca. 12 hrs. The f-ISOP was a 70 wt% solution in 2-propanol. Similarly, it
was stored in a closed container and used within a week. This compound formed colorless
crystals in 2-propanol during storage and the crystals could be redissolved when the temperature

exceeds 60°C.

7.2.2.7 Preparation of F-EPXY

A 250-ml round bottom flask was charged with 5 g of ethylenediamine (99 wt%, Alrich),
78 g of 3-glycidoxypropytrimethoxysilane (98%, Aldrich), and 83 g of methanol. The reaction of
amine with epoxy groups is exothermic. The mixture cooled to room temperature within ca. 5-6
hrs., and then it was heated to 60°C for another 10 hrs. The final product was a clear solution in
methanol (50 wt%) and it was stored in a closed container.
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In cases when no solvent or non-alcoholic solvent was added, the f-EPYYepiaed
and even gelled because of intermolectriamsesterification between the metysilane group
with the secondg hydroxy group (-OCHCH(OH)CH,-N-(CH,)Si(OMe)) producedy ring-
openingof the epay rings. The transesterification reaction was comid by gel peneation
chromabgraphy (GPC) Figure 7.4 shows the GPC scans for f-EPXY solutions (50% in
methanol) that had been mixed with chloroform (GPC solvent) for different times. The results
indicate that as the mixgtime increased, the average moleculaigiveof this material
increased due to trasesterification. After 150 min. of ming, the mxture approaaed an

equilibrium state since noggiificant increased in molecular vgat could be observed.
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Fig. 7.4. The GPC chromgrams for f-EPXY after the sample was stored in chlorofom for
the specified time.

7.2.3.S0l-Gel Coatings by One-Step Hydrolysis

The one-step approachrggaly involves cohydrolysis and co-ondensation of a multi-

componensystem in the presee of an acid catasy. The resulting sol is spre&g dip coatng
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or spin coating on substrates such as bis-A PC and aluminum substrates, on which it is dried and
thermally cured into a hard layer of gel.

F-DETA coatingsvere prepared by hydrolyzing a mixture of 4 g of -DETA (70% in 2-
propanol), 2.8 g of TMOS, 2 g of 2-propanol, 4 g of water in the presence of 0.1 g of glacial
acetic acid. After about six hours of hydrolysis, the resulting sol was dip- or spin-coated on bis-A
PC substrates. The coated substrates were dried at room temperature, and thermally cured at
125°C for 4 hrsF-BIPA coating were prepared similarly by using f-BIPA instead of f-DETA in
the procedure. These two recipes are named f-DETA50TMOS50 and f-BIPA5S0TMOS50,
respectively.

Silicone based compounds T4M4Q and T4D4 have rather poor miscibility with water, so
their sol-gel reactions were catalyzed by HCI so that the mixture could quickly become
homogeneous. Several sol-gel coatings were formulated using T4M4Q and T4D4, along with
TMOS and/or dimethyldimethoxysilane (DMDMS). Both T4M4Q and T4D4 coatings were
hydrolyzed for 5-10 min. before being coated on bis-A PC substrates.

Table 7.3. Formulation of T4AM4Q/TMOS sol-gel coatings

Name T4AM4Q (9) TMOS (g)| Water (g) 'PrOH (g) | 0.5 N HCI (g)
T4M4Q100 4 0 0 4 0.5
T4M4Q67TMOS33 2 0.5 4 0.5
T4M4Q50TMOS50 4 0.9 8 0.5
T4M4Q40TMOS60 6 1.4 10 0.5
Table 7.4. Formulation of T4D4/TMOS/DMDMS sol-gel coatings
Name T4D4 | TMOS | DMDMS | THF | 'PrOH | Water HCI
(9) (9) (9) (9) (9) (9) 0.5N (9)
TD100 6 0 0 0 5 0.25 0.25
TD50TMOS50 25 25 0 4 5 0.25 0.25
TD83TMOS17 5 0 1 4 5 0.25 0.25
TD67TMOS33 0 2 4 5 0.25 0.25




Chapter 7 202

F-THPDEA and f-TEA coating recipes were formulated similar to the f-DETA coating
recipe. Hbwever, due to the presee of free amine groups in ggecompounds, suffient
amounts of acid had to be added to neutralize the basic amupes gnad to conduct sol-gel
reactions in weak acidic media (Sesde 7.5 and’.6). Hydraysis under basic conditions did not
form sols suitable for pparing coatings. Both f-THPDEA and f-TEA coatys werehydrayzed
for 15-30 min. before being applied on bis-A PC substrates.

Table 7.5.Formulation of f-TH PDEA/TMOS sol-gel coatings

f-THPDEA (g) TMOS 'ProH HsPO,
Name (70 % in © © 0.5M (g)
acetone) 9 9 ' 9
f-THPDEA100 4 0 2 4
f-THPDEAB5TMOS35 4 15 2 4
f-THPDEAS0TMOS50 4 2.8 2 4

Table 7.6.Formulation of f-TEA/TMOS sol-gel coatings

Neme f'T('7EO[3/Airfg) TMOS | 2/ProH |  Hcl H3PO,
: @) @) IN(@) | 0.5M(g)
acetone)
f-TEA100 4 0 2 2 2
f-TEA65TMOS35 4 1.5 2 2 2
f-TEA50TMOS50 4 2.8 2 2 2

F-DISIL and +ISOP have two urea linkages in their molecules, anid toatng
formulation is rather similar to that of f-DETA and f#. Coatngs based on tise compounds
were formulated acrding toTable 7.7 The f-DISIL and fISOP recipes werkydroyzed for
about 6 hrs. and 15-30 min., respedfyyéefore being applied on bis-A PC substrates.

A series of f-EPXY/TMOS coatgs was formulated aoading to the recipe ifable 7.8

Again, due to the psence of free amine in ttggstem, an gcess amount of acid was added to
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conduct the sol-gel process in acidic media. These recipes were pre-hydrolyzed for 20-55 min.

before being coated, dried, and cured on bis-A PC substrates.

Table 7.7. Formulation of f-DISIL and f-ISOP sol-gel coatings.

Name f-DISIL (g) TMOS | 2'PrOH | Water | Glacial
(70% in'PrOH) Q) (@) (@) HAc (9)
f-DISILS0TMOS50 4 2.8 2 4 0.1
f-DISIL44TMOS56 4 35 2 4 0.1
Name f-ISOP (9) TMOS | 2'PrOH | Water 0.5M
(70% in'PrOH) () ©) © HsPO, (9)
f-ISOP50TMOS50 4 2.8 2 3.5 05¢g
f-ISOP44TMOS56 4 3.5 2 3.5 05¢g

Table 7.8. Formulation of f-EPXY/TMOS sol-gel coatings

Name f-EPXY (g) TMOS HsPO,
(50% in MeOH) (9) 0.5M(g)
f-EPXY100 4 0 4
f-EPXY80TMOS20 4 0.5 4
f-EPXY67TMOS33 4 1 4
f-EPXY50TMOS50 4 2 4

7.2.4.S0l-Gel Coatings by Two-Step Hydrolysis

The two-step approach was carried out by pre-hydrolyzing one or several components
before adding the others. By this method, a tetraalkoxysilane or a metal alkoxide such as TMOS
was pre-hydrolyzed and discrete inorganic clusters or particles were pre-formed. A
trialkoxysilylated organic compound was added later to form a relatively soft and tough
continuous gel, which binds the pre-formed hard and brittle inorganic clusters or particles. Since
nanometer-scale silica and many metal oxide colloids are commercially available, the pre-

preparation of these particles could be omitted. Colloids or sols obtained by the two-step
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approach were similarly spin- or dip-coated on bis-A PC or aluminum substrates, dried, and
thermally cured into a hard gel layer.

Tetraalkoxysilanes usually form open and extended silica clusters in acidic media, but in
basic media, they form more contracted clusters or paficlBlse size and openness of these
clusters can be characterized by their radius of gyration and mass fractal dimension, respectively.
Since extended clusters can interpenetrate more efficiently, an acid-catalysis process should lead
to a more uniform structure than a base-catalysis process.

F-DETA50TMOS50 coatings, with the overall composition corresponding to f-
DETA22TMOS22W31-HAC140, were prepared via a two-step acid-catalyzed hydrolysis
approach. First, TMOS was pre-hydrolyzed by one eighth of the total amount of water using an
acetic acid catalyst. Then f-DETA and the rest of water were added and the mixture was further
hydrolyzed. The resulting sols had a slightly longer gelation time than those prepared by the one-
step approach, but both offered similar abrasion resistance. However, SAXS experiments
indicated that these coatings did not have obvious non-uniformity in structure.

Considering that base-catalyzed sol-gel reactions often yield clusters or particles of a
higher mass fraction dimension, if the TMOS component was pre-hydrolyzed using a basic
catalyst, the resulting f-DETA/TMOS coating is expected to have a microphase-separated
structure. In this research, commercial silica and zirconia colloids were directly used in
experiments to form microphase-separated structures with methyltrimethoxysilane (MTMS), f-
DETA and f-EPXY.

7.2.4.1. The MTMS/Metal Oxide System

The MTMS/silica system was prepared according to the patents of Bfatkeand used
as a reference. Commercial alumina and zirconia colloids were also used, but these materials
caused quick flocculation of the silane component and hence were not suitable for coating
applications. The following is a procedure for the preparation of MTMS60Silica40 coatings.

To a 100 ml beaker were added 20 g of methyltrimethoxysilane (97%, Gelest), 0.4 g of
acetic acid and 10 g of water. The mixture was stirred for 30 min. so that the silane was partially

hydrolyzed. Then 27 g of colloidal silica (Ludox, TM-50) were added and the mixture was
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stirred for 40 hrs. This riture was dire¢y spin-mated on a bis-A PC substrate, dried at room
temperature, andifther ared at 125°C for 4 hrs. Thggstem was used as a referencerfemy

developedystems.

7.2.4.2.The F-DETA/Silica System

F-DETA was preaydrolyzed so that it became compatible with silica or metal oxide
colloids. Several f-BTA/silica coatngs were sccessfuly formulated accoraig to Table 7.9.
However, the bing systems of f-DETA with alumina and zirconia were disappointing. Similar
to the case ohe MTMS system, addition of alumina and zirconia also caused rapid flocculation

of the -DETA component.

Table 7.9.Formulation of f-DETA/Silica coatings

Narme f-DETA (g) 2-'PrOH | Water Glacial | Ludox silica
(70% in 2-propanol) )] (@) HAc(9) | (50%) @)
f-DETA100 4 2 4 0.1 0
f-DETA74Silica26 4 2 4 0.1 2
f-DETA58Silica42 4 2 4 0.1 4
f-DETAA48Silica52 4 2 4 0.1 6

7.2.4.3.The F-EPXY System

F-EPXY is a hexadentate ligand (includes 4 OHs and 2 N), so it is rather compatible with
metal oxide colloids. Titanium butoxide could co-hygee with this compound and formed
very transparent sol-gel coatindgs. addition, transition metal compounds including copper
sulfate, copper chloridejekel chloride, and dmlt chloride can be incogpated into these
systems without precipitation of metal salystals. WAXS anlysis indicated gels of f-EPXY
with metal salts were asrphous, and SAXS indicated that the gel structure was micrcsdyp
uniform. F-EPXYZrO, and f-EPXY/Ti(OBu) were formulated acconatj to Table 7.10
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Table 7.10. Preparation of f-EPXY derived sol-gel coatings.

Name f-EPXY (g) 2-'PrOH Water Zirconia Ti(OBu),
(50% in methanol) (©)) (¢)) (20%) (9) (9)
f-EPXY71Zr029 4 2 2
f-EPXY56ZrO44 4 2 4
f-EPXY45ZrO55 4 2 6
f-EPXY67TiOBU33 4 2 1
f-EPXY50TiOBU50 4 2 2

7.2.5.S0l-Gel Coatings By Moisture Vulcanization

Both the one-step approach and the two-step approach involved addition of water into the
silane or metal alkoxides systems, which immediately started the hydrolysis and condensation.
Therefore, these approaches could only be used to form two-part sol-gel coating formulae. The
moisture vulcanization method was used to formulate one-part coating recipes. By this method,
the coating recipe usually included silane components and a catalyst, while the water was
provided by moisture from the air.

Moisture-curing f-DETA/TMOS coatings were formulated by mixing the silane
components with titanium butoxide, which serves as a catalyst as well as a source of the
inorganic phase. Moisture from the air is the source of water for hydrolysis and condensation of
the silanes in the systems. The TMOS used in the recipe was pre-hydrolyz@db( acetic acid
catalyst) to avoid its evaporation during the curing process. Several f-DETA coatings were
prepared according to the formulationsTable 7.11 The moisture-curing recipes were spread
on aluminum or bis-A substrates and then the coated substrates were placed in a close chamber
(~20-24°C, humidity ~100%) to vulcanize. The coatings generally became nontacky within 4~6
hrs. After 3-4 days of drying at room temperature, the coating reached a pencil hardness of 5-8H
depending on the concentrations of TMOS and the catalyst. The system was also cured at room
temperature for ca. 24 hrs. and post-vulcanized at 80°C and a humidity of 60% for 2 hrs. After
this treatment, the pencil hardness of the coating were typically beyond 9H, the highest rating in

pencil hardness. By this way, the curing period can be significantly shortened.
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Table 7.11. Formulation of f-DETA derived moisture-curing sol-gel coatings

Name f-DETA (g) EtOH TMOS (40wt | Ti(OBu),
(70 wt% in ethanol) (9) %) () (9)

f-DETA97Ti3 4 2 0.1
f-DETA85TIi15 4 2 0.5
f-DETA74Ti26 4 2 1
f-DETA78TMOS22 4 2 2 0.5
f-DETA64TMOS36 4 2 4 0.5
f-DETA54TMOS46 4 2 6 0.5
f-DETA47TMOS53 4 2 8 0.5

7.3.RESULTS AND DISCUSSION

7.3.1.Optical Properties

Sol-gel coatings formulated using the chemicalEahle 7.1were generally very
transparent. If the starting silane-modified compound contained no free amine groups, exposure
of these sol-gel coatings at a temperature less than 180°C for a limited time (~4 hrs.) usually did
not cause obvious yellowing, which was caused by preferential absorbance of light within visible
region of 400-520 nm. F-EPXY series coatings were usually transparent, but they became
slightly brownish after being heated at a temperature over 150°C in air likely due to oxidation of
the tertiary amine groups in the system. F-TEA and f-THPDEA monomers usually turned
brownish after stored for a two-three week period, however, coatings derived from newly
prepared monomers were rather transpafegtire 7.5shows the UV/Vis/Infrared spectra of
sol-gel coatings derived from f-DETA, MTMS, f-TEA, T4M4Q, and f-THPDEA. F-DETA,
MTMS and T4M4Q related coatings had no absorbance bands in the visible light region, while f-
TEA and f-THPDEA related coatings showed some absorbance in the violet region, thus
exhibiting some brownish color. The tested coatings exhibited rather large difference in
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transmittanceKig. 7.9 due to the differences in surface smoothness. T4M4Q and T4Q4 formed

extreméy smooth and transparent films altighuthese coatigs were not abrasion resistant.
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Fig. 7.5. UV/Vis/Infrared spectra of several sol-gel coatings

The refractive index (at 633 nm) was measl for a f-DETA/silica/HAC seies, a f-
DETA/TMOS/Ti(OBu), and a f-EPXYZrO, series. HAC, andi{OBu), were he cdalysts br
the first two gstems, respecti\y In the third gstem, ZrQ served as a cdiest as well as an
inorganc component. Genetyg| the refractive index increased with the corticion of ZrQ,
but decreased with the inceeaof the silica cocentration Fig. 7.9. Since metal oxide colloids

are usudy of low densiy (i.e. low tent of condensation)heir addition ohy leads to a limited
increae in refractive inde.
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Fig. 7.6. The relationship between the refractive index and the concentration of silica or
zirconia.

7.3.2.Morphology

Due to reactivity differences, hydrolysis of multiple component systems often results in
non-uniformity in the gel structures. Even in unitary systems, the hydrolysis condition, aging
time, and drying process can also cause fluctuations in the structure (i.e. pores and extent of
condensation). SAXS experiments indicated that relatively uniform f-DETA/TMOS, f-
DISIL/TMOS and f-ISOP/TMOS gels could be developedHh®/one-step approach water-
abundant media using an acetic acid catalyst. However, with the same coating recipe, but a
hydrochloric acid catalyst, the resulting gels usually exhibited obvious particulate features
(Chapter &.

The two-step approadsk, in principle, more likely to result in non-uniform structures.
The structural non-uniformity is related to the fractal dimension of the pre-formed clusters.
Clusters of a low fractal dimension can interpenetrate each other, thus leaving few pores and
compositional fluctuations. For the f-DETA50TMOS50 coating mention&skation 7.2.4
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which were develged bytwo acd-caayzedhydraysis steps uasg an acetic acid tayst, no
obvious interparticle SAXS correlation peatkshoulder was found in the lomgle region
(s=10° 10" AY). It is conjecturedhat the prehydroyzed TMOS was in the form ok&nded
clusters or simple low molecular wght pdymers. Both cases could lead igler stuctural
uniformity.

In contrast, @atings incorporéed with a Ludox TM50 silica colloid showed apparent
microphaseseparated morphogies.Figure 7.7shows SAXS profiles on both linear-linear (A)
and log-bg (B) scales for the f-DETA/silica coatings and a MTMS60silicaziling (Section
7.2.4). These coatings displed raber strang scattemg of x-rays in the low agle region $<0.04
A™). The first and second order correlation Bragg-like peaks are clear in the SAXS piigfile (
7.7 9. The correlation distance¥) (for the f-DETA50Silica48, f-DETA58Silica42 f-
DETA574Silica26 gels are estimated to be 290 A, 356 A and 448 A, respgotitizh
increase, as gpected, on therderof reducing the cacentration of silicaln addition to the
spatial corrkation between clusters, the SAXS profiles also show a common feature: a power
low region within s=0.08-0.04 A(Fig. 7.7 B. After accountig for slit smearig, this rejion has
a Porod slope of ca. —3.1 for all the sampliiethe influenceof correlation on the Porod slope is
negligible in this agular region (generaly a reasonable assumption wie»Rg), this Porod
slope value gggests that the silica clusters in thetegn are in thedrm of surface fractals.

Without a retardant such as adacetone, cdidraysis of the metal alkode with f-

DETA usualy led to some precipitation of metal oxides. Addition of zirconia and alumina
colloids to prehydrolyzed f-DETA and MTMS also caad flocculation of the silane component.
However, f-EPXY has rather good compatiiyilvith metal oxide colloids because the
compound is a hedentate ligand. Transparent films wpreparedoy co-hydrolysis of f-EPXY
with Ti(OBu), or hydrolysis of f-EPXY in the presenaaf a zirconia colloid, a metal chloride, or
a metal sulfate-igure 7.8shows the SAXS profiles of the f-EPXY50TiOBu50 gel and f-
EPXY67TiOBuU33 gel. The f-EPXY50DBuU50 gel showed an obvious cluster correlation
shoulder as= 0.024 A* (=40 A). The f-EPXY67TiOBuU33 did not show an obvious correlation
shoulderlt is likely that the érmersystem hasrcluded more titanium ions than caa chéated

by f-EPXY, so titania particles lgen to form in thesystem.
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Figure 7.9shows SAXS profilesf f-EPXY coatings that include zirconia colloidal
particles. Kcept for f-EPXY100, whose sol-gel reactions werelgatby hydrochloric acid
catdyst, all others were cdtged direcky by zirconia colloids. Asxpected, all theseoatings
showed modeta shoulders in theseatterng profiles, which are behed to be causeday
corrdation of zirconia particle€¢250 A).

Mixtures of f-DETA and titanium butoxide can form transparent sol-gel films via
moisture vulcanizatiorfigure 7.1068hows SAXS profilesar the moisture vulcanized pure f-
DETA coatngs (Table 7.1). Obvious correlation peaks or shoulders aveated in the SAXS
profiles for films f-DETA97Ti3, f-DETA85Ti15, and -DETA74Ti26 &-0.015, 0.02, and 0.03
Al (¢~67, 50, and 33 A), respectlye This suggests that the titanium butoxide hpdrdlyzed
and condensed into dispersed paéesan the matrix of f-DETA gel. The moisture cured f-
DETA48TMOSA46 gels imable 7.11lwere also investigatday SAXS. However, due to a low
Ti(OBu), concentration, no obvious correlation peak or shoulder was revieal84XS

experiments.
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Fig. 7.7. SAXS profiles for sol-gel coatings containing Ludox TM-50 silica. (A) Linear plot,
(B) Double logarithm plot.
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Fig. 7.9. SAXS profiles for the f-EPXY coatings containing titanium butoxide.
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Fig. 7.10. SAXS profiles for RT moisture vulcanized f-DETA sol-gel coatings

7.3.3.Hardness and Abrasion Resistance

Sol-gel coatings derived from compoundd able 7.1were tested for their potential as
abrasion resistant coatings. Taber abrasion tests were widely used to compare the abrasion
resistance, and Vickers hardness was also measured for several series of coatings. The test results
are listed inTable 7.12

Figures 7.11-7.18eveal surface features of Taber tracks on coatings (with bis-A PC
substrate) based on systems f-TEA/TMOS, f-THPDEA/TMOS, and f-DETA/silica. Wide deep
scratches as well as fine shallow scratches occurs as a “X “ type pattern can be observed in the
Taber wear tracks. It is generally believed that the majority of the transparency loss of the optical
coatings and substrates is caused by the presence of only a few wide and deep scratches. By
comparing the hardness value to the abrasion resistance in f-DETA/silica, f-TEA/TMOS, and f-
THPDEA /TMOS coatings system§gble 7.12, it can be easily concluded that a moderate
increase in the concentration of the inorganic hard component can lead to significant increases in
hardness and abrasion resistance. However, the increase in hardness may often be offset by

increases in brittleness and poor adhesion, which are harmful to the abrasion resistance. The
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balance between the hardness and brittleness of the coating should eventually lead to a proper
concentration of the hard inorganic component(s) to provide best abrasion resistance. For the f-
DETA/TMOS system, the suitable ratio of TMOS to f-DETA was around 1:1.

Figure 7.14shows micrographs of Taber tracks on moisture cured f-DETA coatings
containing different amounts of titanium butoxide. The moisture-cured coatings were prepared
on aluminum substrates and cured at room temperature for about 4 weeks. The Taber tests
involved a pair of CS10 wheels, a 500-gram load per wheel and 50 cycles of abrasion. The
course faint fringe patterns in these micrographs are due to the surface features of the aluminum
substrate formed during its manufacturing, while the “X” pattern scratches are due to Taber
abrasion. As indicate@lable 7.12andFig. 7.14 the abrasion resistance of moisture vulcanized f-
DETA increases with the concentration of Ti(OBU)he presence of Ti(OBuis believed to
promote the abrasion resistance by increasing the extent of condensation as well as the
concentration of the inorganic component. Titanium butoxide is a catalyst, so increasing its
concentration undoubtfully raises the extent of condensation. On the other hand, as an inorganic
component, increasing its concentration can also raise the hardness. Accordibiptd.12the
f-DETA54TMOS46 coating vulcanized at 80°C and a humidity of 60% can maintain a
transmittance of ~95% transmittance after 500 cycles of abrasion (CS10 wheels and a 500-gram
load per wheel). Although it is less abrasion resistant than coatings prepared by the two-part
coating formulae previously described, it still significantly improves the abrasion resistance of
both the bis-A PC and aluminum substrates.

The abrasion resistance of the T4AM4Q and T4D4 coating systems is unexpectedly low.
These coatings suffered from an immediate severe surface damage as soon as the abrasion test
was initiated. Even films derived from methyltrimethoxysilane could offer much better abrasion
resistance than these coatings. It is believed that the high concentration of §eGpt in these
systems decreased the cohesion of the material, thus leading to a poor performance. In addition,
the short organic arms (only two —gHyroups) between the siloxane core to the triethoxysilyl
groups might not provide sufficient flexibility for the coating to exhibit reasonable toughness.

The f-EPXY/TMOS coating had an abrasion resistance not inferior to a similarly
formulated f-DETA/TMOS coating. F-EPXY50TMOS50 had a transmittance of 98.7% after 500
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cycles of abrasion and f-EPXY65TMOS35 also showed a transmittance of 98.1%. However, this
coating series seemed to be more brittle than its f-DETA counterpart at the same TMOS
concentration. For example, a slight bending of a polycarbonate substrate with a f-EPXY50
TMOS50 coating caused cracking of the coating; while under the same conditions, f-
DETA50TMOS50 coatings, however, remained undamaged. As the TMOS concentration was
reduced to 35%, then the f-EPXY coating could sustain some substrate bending and still had
excellent abrasion resistance. Alumina, zirconia and titanium butoxide were incorporated into f-
EPXY gels and formed coatings of good optical quality and moderate abrasion resistance. In
general, the abrasion resistance of these coatings was inferior to their counterparts prepared using
TMOS rather than the metal oxide colloids.

As indicated byTable 7.12andFig. 7.15 sol-gel coatings derived from compounds that
include urea, urethane and epoxy residual linkages usually have rather good abrasion resistance.
Coating MTMS60Silica40 also showed abrasion resistance that was only slightly inferior to that
of coating -DETA50TMOS50. However, the MTMS/silica coating was more brittle and even
slight bending of the substrates could lead to serious cracking of the coating. Bis-A PC substrates
with the f-DETA50TMOS50 and MTMS60Silica40 coatindsble 7.12 were also submitted to
Micro Photonics Inc. for quantitative scratch tests. The average critical load for the first failure in
two scratch tests was found to be 123.5 mN and 71 mN for the two coatings, respectively. The
results suggested that the f-DETA50TMOS50 coating could withstand a higher cutting force
without failure than the MTMS60Silica40 coating.
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Table 7.12. Sol-gel coatings and their curing conditions, hardness and abrasion resistance

Coatings Cur!ng Vickers Hardness A_brasion
Conditions (kgf/mn¥) Resistance (%)
PC-Control N/A ~22 84+0.6"
f-DETA50TMOS50 93+7 98.5+ 0.5
f-DETA100 42+ 7 89+ 1
f-DETA74Silica26 125°C/4 hrs. 68+ 3 97.3+ 0.1
f-DETAB8Silica4? 149+5 98.0+ 0.1
f-DETA48Silica52 Break 97.6+ 0.8
f-DETA74Ti26 RT moisture 94.9+ 0.6
f-DETA54TMOS46 Ca. 4 weeks N/A ~off
80°C moisture
f-DETA54TMOS46 humidity 60%, 2 hrs. 95.4+ 0.6
T4M4Q100 75
T4AM4Q67TMOS33 . (62
TAM4Q50TMOS50 125°C/4 hrs. N/A B1
TAM4Q40TMOS60 (B4
T4D4-100
T4D4-50TMOS50 3 Extremel
T4D4-83TMOS17 125°C/4 hrs. N/A Poor y
T4D4-67TMOS33
MTMS60TMOS40 125°C/4 hrs. Break 96.6 + 0.4°
f-IMPA50TMOS50 125°C/4 hrs. N/A 98.0+ 0.4
f-TEA100 60+ 1 93.8+ 0.3
f-TEA65TMOS35 125°C/4 hrs. 80+ 4 97.6+ 0.4
f-TEA50TMOS50 126+ 3 97.6+0.2
f-THPDEA100 50+ 3 86.8+ 1.3
f-THPDEA65TMOS35 125°C/4 hrs. 59+ 4 94.6+ 1.0
f-THPDEA50TMOS50 82+ 4 97.0+ 0.2
f-DISIL50TMOS50 96.4+ 0.9
f-DISIL44TMOS56 . 98.0+ 0.4
f-ISOP50TMOS50 125°C/4 frs. N/A 96.3+ 05
f-ISOP44TMOS56 97.6+ 0.3
f-EPXY67TMOS33 s 98.1+0.3
F-EPXY50TMOS50 125°C/4 frs. N/A 98.7+ 0.1°

Taber Test: CS10 wheels, 500-gram load per wheel, and 500 cycles of abrasions

(A) 20 cycles of abrasions, (B) 50 cycles of abrasions.
(C) The coating cracked when the substrate was bent.



45 um

Fig. 7.11. Transmission optical micrographs of Taber wear tracks for bis-A PC substrates: (A) Uncoated (20 cycles), (B) coated
with f-TEA100 (500 cycles), (C) coated with f-TEA65TMOS35 (500 cycles), (D) coated with f-TEA50TMOS50 (500 cycles).
Taber tests utilized CS10 wheels and a 500-gram load per wheel.
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Fig. 7.12. Transmission optical micrographs of Taber wear tracks on bis-A PC substrates: (A) Uncoated (20 cycles), (B) coated

with f-THPDEAZ100 (500 cycles), (C) coated with f-THPDEA65TMOS35 (500 cycles), (D) coated with f-THPDEA 50TMOS50
(500 cycles). Taber tests utilized a pair of CS10 wheels and a 500-gram load per wheel.
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Fig. 7.13. Reflection optical micrographs (contrast intensified by gold coatings) of Taber wear tracks on bis-A PC substrates:
(A) Uncoated (20 cycles), (B) coated with f-DETA74Silica26 (500 cycles), (C) coated with -DETA58Silica42 (500 cycles), (D)
coated with f-DETA48Silica52 (500 cycles). Taber tests utilized a pair of CS10 wheels and a 500-gram load per wheel.
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Fig. 7.14. Reflection optical micrographs (contrast intensified by gold coatings) for Taber wear tracks on aluminum
substrates: (A) coated with f-DETA97Ti3 (B) coated with f-DETA85Ti15, (C) coated with f-DETA74Ti26. Coatings were cured
by RT moisture vulcanization for ca. 4 weeks. Taber tests consisted of 50 cycles of abrasion with a pair of CS10 wheels and a

500-gram load per wheel.
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0.1 mm

Fig. 7.15. Reflection optical micrographs (scratch contrast intensified) for Taber tracks on
bis-A PC substrates coated with: (A) f-DETA50TMOS50, (B) f-BIPA50TMOS50, (C)
MTMS60Silica40, (D) f-ISOP44TMOS66, (E) f-THPDEA50TMOS50, (F) f-DISIL50
TMOS50. Taber tests utilized 500 cycles of abrasion with a pair of CS10 wheels and a 500-
gram load per wheel.
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7.4.CONCLUSIONS

Many trialkoxysilylated organic compounds have been synthesized and used to prepare
sol-gel derived coatings. The sol-gel process was carried out via the one-step approach, two-step
approach or moisture vulcanization approach. The two-step approach usually involves a pre-
hydrolysis step of TMOS or a metal alkoxide, followed by a second hydrolysis step of
trialkoxysilylated silane along with the pre-formed clusters of silica or a metal oxide. In the
experiments, commercial silica, alumina, and zirconia were directly used so the first hydrolysis
step was generally omitted. Coatings containing these colloidal particles usually showed
microphase-separated structures. By moisture vulcanization, if the catalyst Ti(OBu)
concentration is sufficiently high, the resulting coatings also show some form of microphase-
separated morphologies.

Sol-gel coatings derived from all compounds were usually colorless. Storage of
monomers f-TEA and f-THPDEA could lead to some brownish color, However, if freshly
prepared monomers were used, gels derived from were usually colorless. The refractive index
increased with the concentration of metal oxide or metal alkoxide, but decreased with the
increase of silica or tetraalkoxysilane concentration. However, since these inorganic components
were in a lower density state, their incorporation only leads to a limited increase in refractive
index.

Trialkoxysilylated organic compounds containing urea groups, urethane, and epoxy
residual groups formed very good abrasion resistant coatings. Siloxane based monomers such as
T4M4Q and T4D4 could form high quality coatings or films but these coatings or films usually
had extremely poor abrasion resistance. The coatings based on colloidal silica usually had good
abrasion resistance comparable to those based on TMOS. Titania and alumina colloids were
added to hydrolyzates of f-DETA and methyltrimethoxysilane, however, they resulted in
flocculation of these silanes. Due to its chelating ethylenediamine structure, f-EPXY was quite
compatible with titania, alumina and titanium butoxide, it formed very transparent sol-gel
coatings with these compounds. These metal oxide-containing coatings offered good abrasion
resistance although they are usually inferior to the TMOS or silica-containing coatings.



CHAPTER 8. COATINGS DERIVED FROM SPHEREOSILICATES

8.1.INTRODUCTION

Polyhedral oligosilsesquioxanes (POSSes) and sphereosilicates are structurally derived
from polyhedral silicate ions by substituting hydrogen, alkyl or trialkylsilyloxy groups for the
corner oxygen iongHg. 8.1). The term “silsesquioxane” refers to siloxane resins resulting from
alkyltrialkoxysilanes and alkyltrichlorosilanes. POSSes and sphereosilicates with small or
symmetrical corner groups are usually crystalline solids, and their solubility in organic solvents
depends on the nature of the corner organic substituents. In the presence of an acid or base
catalyst, these polyhedrals can polymerize to random network polysiloxane resins. The
equilibrium mixture of a silsesquioxanes may also include some POSSes and their concentrations
are dependent on the alkyl group and the concentration of the silsesquioxane. The equilibria
between polyhedral and random silsesquioxanes are quite similar to those between cyclic and
linear siloxanes. Many synthetic methods of cyclic siloxanes can be similarly used for polyhedral
silsesquioxané§3-192 Polyhedral silicates can be derived from polyhedral silsesquioxanes or
directly prepared by trialkylsilylation of polyhedral silicaf#s197 A comprehensive review
addressing POSSes and sphereosilicates has been given By&eher

During the past few years, inorganic-organic hybrid materials based on POSSes and
sphereosilicates have received much attention. Such new materials include these polyhedrals in
polymer backbones or side chains, thus forming molecular level hybridization. Since these cages
are fully condensed, the polymerization or curing process can be performed in a way that yields
no low molecular weight by-product, and hence principally avoids the shrinkage problem that
plagues the sol-gel process of metal alkoxides. Hybrids with POSS in side chains have also been
prepared via free radical co-polymerization of an olefin (PMMA) with a cyclopentyl or



Chapter 8 225

DSh- R:LOSi 10015

S4_ R10Si 10015

CZV_ RlZS| 12018 D3d_ R14Si 14021

Fig. 8.1. Molecular structures of POSS and sphereosilicates. The red, blue, and olive balls
represent oxygen atoms, silicon atoms, and corner substituents, respectively, and the point
group refers to the molecule structure.

cyclohexyl cubic POSS that has one of its eight corners capped with an ol efin substituent199.200,
The incorporation of these cubic compounds is reported to increase the decomposition
temperatures of the polyolefin. POSSes and sphereosilicates may also be functionalized at more
than one corner201.202, and these monomers can be polymerized into thermosetting resins via

reactions of the functional groups.
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This chapter attempts to make some prelimyjirexploration of POSS or sphereosilicate-
containinghybrids for their potential as abrasion resistant cagi The research focuses on
sphereosilicate resins derived from octakis(dimisihy) cubicoctasilicate (M'8Q8) and
octakis-(vhyldimethylsilyl) cubic octasilicate (MBQ8), which can be eagipreparedby
trialkylsilylation of tetramétylammonium cubic octasilicat€ig. 8.2}96.197203 M" and M
represent —SiH(CH), and —Si(CH),CH=CH,, respectivhy.

TMAOH + Silicic acid
or TMAOH + TEOS

\L H,O/Two days

(H50),'N'O O'N*(CH.)
o SNe—o—si” o
END o/
(HgC) 4N O\S'/ ‘ //OO‘le(CHE,)4
IR
O Si—0-0—Si
NS | o7 o,
Si—o—si
Hs0)aNO ON*(CHg)
TMASQS8
Cyclohexane Cyclohexane
Dimethylformanide Dimethylformanide
Vinyldimethylchlorosilane Dimethylichlorosilane
CH,=CH(CH,),SiO OSi(CHj),CH=CH. (CHy),HSIO OSIH(CHy)
\Si—o—/Si/ *e ’ >Si—O—Si/ >
CH,=CH(CHy),Si0 - © | /}ogi(cm)zw:cm (CHg S0 O | /}OS;iH(CHQZ
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MW: 1224.09 MW: 1017.98

Fig. 8.2. Synthetic approaches for TMA8Q8, M8Q8 and M'8Q8
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8.2.EXPERIMENTAL

8.2.1.Characterization

Solution*H, **C and®®Si NMR spectra were acquired on a 40Blz Varian NMR
spectrometer’Si CPMAS NMR spectra were acquired on a Bruk&LN800 MHz
spectrometer usg a 7 mm rotor, a 90° proton pulsagke and a contact time of 2 ms. GPC
experiments were caed out in a chlorairm solvent using a Waters 490 instrument with a set of
500 A, 16 A, 10" A and 10 A ultragyragel column operated at 30°C. TG/DTA and DSC
experiments were caed out using a Seikeystem with an air flow of 20 cmin. FTIR
spectrum was acquired on a Nicolet 50XB spectrometer with a Harrickiagitecattaament.
Pencil hardness test (ASTM standard 3363-92a) was utilized to rate the scratch resistance of
moisture curedaatings. he hardness value waspgessed as the st pencil that failed to
scratch the coatg. The scale diardnes®f pencils, arraged in the order of increas)
hardness, is 6B, 5B, 4B, 3B, 2B, B, HB, F, H, 2H, 3H, 4H, 5H, 6H, 7H, 8H, and 9H.

8.2.2.Chemicals andPreparation

8.2.2.1.Tetramethylammonium Cubic Octasilicate (TMA8Q8)

A 1000 ml flask was charged with 71 gteframetiylammonium lydroxide
(TMAH - 5H,0, Aldrich), 22.8 gof silicic acid (Aldrich,), and 348 g of waterh& mixture in the
flask was stirred at room temperature for 24 hrseA24 hrsof reaction, most of the silicic acid
was dissolved but the solution remainedtdlly milky due to the presence of unreacted silicic
acid. The mxture was head at 65°C for anber 24 hrs. and the solution eventyddecame
transparent. fle solution was evagated to about 100 ml ugj a vacuum evagpator. The
remaining solution was sldwcoded to the room temperature, and TMA8QS8 gragual
crystallized from the solution. The silicateystals were filtered andried at room temperature
under redced pressure {gld 90%) for 48 hrs. Oring the dying process, the primacrystals
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underwent deydration and brke down into fine ystals (ca. 1 mm in diameter). Awding to
the literature, TMA8QS8 has a formula 0§Sho[N(CHs)4]-116H0 or SpO20[N(CH3)4]-~
69H,0204205, 2°Sj Solid State NMR spectrosupindicated the TMA8QS8 prepardy the abee

method waslusivdy asalt of cubicoctasilicate Fig. 8.3.
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Fig. 8.3. The solid staté°Si NMR spectrum for TMA8QS crystals. Peaks at —32 pm and
168 ppm are side bands.

8.2.2.2.VinyldimethylsilylCubic Octasilicate (M8Q8)

Twelve grams of TMA8Q8 (ghhty soluble in DMF) were added to 250 ml ofydDMF
(Fisher) and 150 ml afyclohexane. As the mixture was stirred, 100 ml of chlorodigietnyl-
silane were sloly added, and the widimethylsilylated cubes were extracted into the
cyclohexane dyer. After 30-60 min., theyclohexane ayer was sparated and the IAF layer
was &tracted with another 100 ml ofclohexane. The secontyclohexane dyer was separated

and combined with the firglyclohexane byer. The combinedyclohexane phae was washed
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with deionized water three times to remove DMF and tetdayte@hmonium chloride and then
pre-dried with ahydrous manesium sulfte. After separatipmthe mgnesium sulfate, the
cyclohexane phase wawaporded to 20 ml, and about 30 ml of ethanol were added to
crystallize M’8Q8. Vinyl cubic silicate cystals were filtered (about 4.5 g), andmestalized in a
small amount of yclohexane (3.2 g). The final product was a whitestalline solid, which was
soluble in chloroform, toluene, acetone agdlohexane, but insoluble in methanol and ethanol.
The structuref this compound was afirmed by its *H and?°Si NMR spectra irFigs. 8.4and

8.5

8.2.2.3 Dimethylsilyl Cubic Octasilicate (M8Q8)

MH"8Q8 was prepared andpseaedby the same methodsed for M'8Q8 uress
vinyldimethylchlorosilane was replacéy dimethychlorosilane. The final product was also a
white aystalline solid soluble in chloroform, toluene, acet@ndcyclohexane, but not soluble
in methanol and ethanol. The structure of this compound was menfiy its *H and?°Si NMR
in Figs. 8.6ard 8.7.

In general, due to the presence tdrge amount of water in the TMA8Q#8ystals, oty
a small fraction of chlorosilane was effectivesed. The rest was consuniscthe water in the

crystals and became a distemeby-product.
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Fig. 8.5. The?®Si NMR spectrum for octakis(vinyldimethylsilyl) cubic octasilicate
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Fig. 8.6. The'H NMR spectrum of octakis(dimethylsilyl) cubic octasilicate
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Fig. 8.7. The®®Si NMR spectrum of octakis(dimethylsilyl) cubic octasilicate
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8.3.COATINGS THROUGH HYDROSILYLATION

Cubic silicate containing hybrids were prepared by hydrosilylation of vinyldimethyilsilyl
silicate (M’8Q8), 1,3-divinyltetramethyldisiloxane (¥0-M") with tetradimethylsilylsilicate
(MM4Q) (Fig. 8.8. The reaction yields no low molecular weight by-products, so it is expected
that monolithic materials can be prepared 88 is a crystalline material and has a limited
solubility in the other reactants, so the reaction had to be carried out in cyclohexane. After the
corners of the polyhedral had been partially functionalized, the solvent could be removed without
causing crystallization of cubic compounds.

To a vial were added 0.153 g of'BIQ8, 0.186 g of MOM" and 0.246 g of 4Q (EQ
ratio = 1: 2: 3). Then 2 g of cyclohexane was added to dissolve \{868/crystals. 50 mg of
Pt(0)(1,3-divinyltetramethyldisiloxane) (Pt(dvs), 2% in xylene) were diluted to 10 g with
cyclohexane, and 100 mg of this diluted Pt(dvs) were added to the silane mixture as a catalyst.
The mixture was stirred for 10 hrs. before being cast on an aluminum substrate (treated with an
acidified 3-methacryloxypropyltrimethoxy-silane solution). After the solvent evaporated, the
material was further cured at 80°C for 4 hrs. and a colorless insoluble transparent coating was
obtained. As expected, the material showed little shrinkage and relatively thick crack-free films
were formed without cracking. Unfortunately, the coatings had rather weak mechanical
properties, even after further curing at 125°C for 24 hrs. The abrasion of the coating surface
occurred by an obvious micro-chipping mechanism. The pencil hardness (ASTM D3363-92a) for
this material was about B-2B, close to that of polycarbonate. In fact, the surface of this material
could be damaged easily by ones fingernail.

The M’'8Q8/M"'8Q/MYOM" silicon resin behaves just like an unfilled polydimethyl-
siloxane resin, which often has very poor mechanical properties. It is believed that the poor
mechanical properties of this silicone resin is due to the presence of large amounts ¢f Si-CH

groups, which should result in a reduction in the molecular cohesion of the material.
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Fig. 8.8. Preparation of a M'8Q8/M"4Q/ MYOM silicone resin by hydrosilylation.

Figure 8.9shows the TGA curve for the silicone polyhedral silicate hybrid material.
During the experiment, the material began to decompose at 300°C and showed a 5 % loss of
weight at 370°C when the temperature was ramped at 10°C/min. The weight loss is expected to
be due to the decomposition of Si-€&hd Si-CHCH,-Si groupsFigure 8.10shows the DSC
curve for the silicone polyhedral silicate hybrid material. No obvious transition can be detected
in the temperature range of 25-280°C.

Figure 8.11shows the dispersion IR spectrum for the compound after being treated at
80°C for 4 hrs. The Mand M’ groups have absorbance bands at ca. 3100(¢dt{=CH,) and
at ca. 2100 cfh (H-Si). According to the IR spectrum, only small amounts dfgwbups and
trace amounts of Mremained unreacted after curing, so the hydrosilylation reaction was quite
complete.

Figure 8.12hows the CPMAG®Si NMR spectrum for the compound. Peaks at ca. -110
ppm and ca. -106 ppm correspond to Q froff8BRI8 and M4Q. Peak at ca. -7 ppm is expected
to be from unreacted Si-CH=GHldpecies in MOM" according to the NMR spectrum of
MVY8Q8. Based on th&Si NMR spectrum of a gel derived fronf?T8M8Q8, the peak at ca. 13
ppm can be assigned to the M silicon froM8®8. According to the relative abundance of
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silanes in the formulation, the peaks at ca. 9 ppm and 8 ppm can be assigned to the M silicon

atoms from M4Q and MOM", respectively.
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Fig. 8.9. TGA curve (10°C/min) for the M'8Q8/M"4Q/ MYOM" silicone resin.
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Fig. 8.10. DSC curve (10°C/min) for the M8Q8/M"4Q/ MYOM" silicone resin.
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Vinyl-Q8 (1), Divinyl-M2 (2), 4H-M4Q (3)
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Fig. 8.11. Dispersion IR spectrum for the M8Q8/M™4Q/ MYOM" silicone resin.
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Fig. 8.12.2°Si CPMAG NMR spectra for the MY8Q8/M"4Q/ MYOM" silicone resin. The
spectra show residual vinyl groups at -7.5 ppm
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8.4.COATINGS THROUGH THE SOL-GEL AP PROACH

8.4.1.0ctakis(2-triethoxysilylethyldi methylsilyl) Cubic Octasilicate (T°5'8M8Q8)

Two gof MVY8Q8, 3.0 g of ilethoysilane and Hul of Pt(dvs) céalyst were dissolved in 5
g of cyclohexane. e hydrosiylation reactionKig. 8.13 was indicatedby an increase in the
reaction mxture. After 24 hrs. he solvent and unreactédethaxysilane were removeby
vacuum distillation, and a pale brownishydiquid was obtained. The liquid was re-dissolved in
5 ml of gyclohexane, and the solution was filtered using g4nSilter. The filtered solution was
pre-dried with a vacuum evaporator and furitirged in a vacuum oven at 80°C for . The
product was &ransparent dy liquid, and it wagale brownish due to th@esence of colloidal
platinum from the catgst. The struatre of this compound was confirmed By NMR and®Si
NMR spectra irFigs. 8.14amd 8.15 GPC Fig. 8.16 also indicated that & thehydrosiylation,
the hydrodynamic volume of th@roduct TBM8Q8 (eluted at 25.5 ml) wasioh larger than that
of the reactant M8Q8 (eluted at 27 ml). Some unreadeethaxysilane and the solvent (eluted
at 29-30 ml) were also detectiegthe GPC scan of the compound T8M8Q8.

O—Si-CH=CH,
o OEt

I
+ H—Sli—OEt
OEt

_ O— Si—-CHy— CH,-SI(OEt)3
Pt0)(dvs)

—_—

@ = Qg, only onecorer is shown in the scheme.

Fig. 8.13. A synthetic approach for Triethoxysilylation of octakis(vinyldmethylsilyl) cubic
octasilicate
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Cﬂ3'CH2'
CH,-CH=
M-CH,
a,, B -addition products
CH,-CH=
CH3CH2'
50 45 40 35 30 25 ppm
19.58
Fig. 8.14. The'H NMR spectrum for TeMeQs
Q =Si(Q),
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Fig. 8.15. The?*Si NMR spectrum for T°%'sMsQs
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Fig. 8.16. The GPC cuves for MY8Q8 (before reaction) and PE'8M8Q8 (after reaction)

8.4.2.Sol-gel Coatings Derived fron T°5T8M8Q8

Two grams of PF'8M8Q8 were dissolved in 2 g of 2-propanol, and thetuné was
hydralyzed using 0.085 g of 0.5 Mydrochloric acid ¢ =0.5). Alternativéy, the mixture was also
hydralyzed using 0.05 g of glacial acetic acid and 0.340 g of wateR). The resultig sols were
spread on aluminum substrates, dried at room temperature and thexred at 125°Cdr 4
hrs. The resultig films were usudy opticaly transparent, but v brittle and not abrasion
resistant compared to maof the inorganic-organibybrid coatings mentioned in the earlier
chapters. Uder the Tabetest (CS10 wheels, 500-graoat per wheel) he coathgs became
severéy damaged after just a fegycles of abrasiarFigure 8.17shows thé°Si CPMAS NVIR



Chapter 8 239

spectradr the gels prepared umgj hydrochloic acid and acetic acid cégats. Withhydrochloiic
acid as the calgst, the &tents ofhydrolysis and condesation were rch hicher than the cz
of the acetic acid cdtgst, in which a large amount of femained umydrolyzed or
uncondensed. Althmh thehydrochloric acid ctalyst led to a ingher extent of condesation in T,
it also resulted in “cage-opewy’ of a considerale amount of the silicate cubés.the pened
cages, some silicon atoms becam&@H, which has a chemical shift of ca. -102 ppm. The
opened cages also had sonteotd silicon atoms, which ay have a cheisal shift slghtly

different from that of ®in a cube, thus leading to slight widening of the pea&tQ110 ppm

and the peak M at 12 ppm. The cagefing was not obseedby 2°Si NMR spectroscopin
case ofhie acetic acid calgst (Fig. 8.17.

M

HOAC
catalyst

HCL
catalyst

40 20 0 -20 -40 -60 -80 100 -120 PPM

Fig. 8.17.2°Si CPMAS NMR spectra for T°®'8M8Q8 gels cured by hydrochloric acid and
acetic acid catalysts.
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8.5.CONCLUSIONS

Coatings have been prepared using cubic octasilicate via hydrosilylation and sol-gel
reactions. The hydrosilylation approach yields no condensation by-product and can form thick
crack-free coatings. However, these films are not suitable for protective coatings due to their
poor abrasion resistance. The TBM8Q8 monomer yields some condensation by-product during
the sol-gel process, but much less than the cases of tetraalkoxysilanes. Sol-gel reactions of
T8M8QS8 also lead to brittle transparent coatings that lacked abrasion resistance compared to
other inorganic-organic hybrid coatings mentioned earlier. The poor abrasion resistance of these
materials is conjectured to be due to large amounts of $bGRIs and/or poor packing of the
cubic units. The former usually lower the cohesion of the material. The organic chain (only 2
carbons in T8M8Q8) between T and the rigid cube may also be too short to improve the

flexibility of the system.



CHAPTER 9. RECOMMENDATIONS FOR FUTURE WORK

Many inorganic-organic hybrid materials have been derived from sol-gel reactions of
binary systems such as the f-DETA/TMOS systems and demonstrated excellent abrasion
resistance. A next desirable step would be to scale up one or more of these systems to meet the
requirements of various industrial coating requirements. Currently, these coatings may be
applied as protective coatings for polymer lenses and glazing materials for buildings and
automobiles. The current two-part -DETA/TMOS system has a pot life between 10 to 24 hrs. at
ca. 20°C depending on its concentration, which could meet the requirements for a small scale
coating process. Of course, an increase in the pot life would be more convenient and economical.

To apply this coatings on plastic lenses, future work should focus on improving the
coating smoothness and decreasing the haze of the coating surfaces. The coating itself has
excellent transparency, so the major tasks are to control surface porosity and eliminate dust
particles. Since the viscosity of the coating recipe increases with the hydrolysis time, it is
necessary to establish the dependence of viscosity on the environmental temperature and
hydrolysis time. With these relationships, it is possible to obtain coatings of uniform thickness
during different stages of hydrolysis by adjusting coating processing variables.

Coating automobile plastic windows requires relatively large dip coating or spray coating
processes, which usually require the coating recipe to have a pot life of about six months.
Otherwise, the cost of the process may be very high and less controllable. As coatings for plastic
materials, the f-DETA/TMOS coating so far has exhibited excellent abrasion resistance and met
the abrasion resistant requirement of automobile rear windows. The next objective should be, of
course, to increase the pot life or develop a new processing method to reduce the cost. In
addition, the weatherbility of bisphenol-A polycarbonate with f-DETA/TMOS coatings, which is
also a major issue for the automobile coatings, should be considered in future studies.

Although attempts have been made to optimize the f-DETA/TMOS system, the current

recipe is still not the best because incorporation of additional components can provide more
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opportunities for future development. For example, a UV absorber may be incorporated into the
system so that the resulting coating is not only abrasion resistant but also can protect the
substrate from radiation damageSol-gel coatings usually have poor compatibility with most
commercial UV absorbers (water-insoluble), but a small amount of UV absorber (~0.5wt%) has
already been incorporated into the sol-gel system without causing a serious increase in haze of
the coating. The UV resistance and abrasion resistance can also be provided by multiple-layer
coatings which include an inner layer of UV resistant coating and an outer layer of abrasion
resistant coating. However, a stable coating that is resistant to both UV and would be the most
desirable.

Currently, only a few results have been reported about the self- and cross-condensation of
the T and Q alkoxysilanes. However, these studies did not consider the dependence of
condensation rates on pH. In fact, pH has a significant influence over the relative values of the
rate constants of these condensation reactions. The establishment of the pH-dependence of these
condensation rates of simple systems like methyltriethoxysilane/ tetraethoxysilane would be very
meaningful to the understanding of the gel structures consisting of both T and Q species.

To date, there are still no chemicals that can retard solution sol-gel condensations but do
not affect later thermal curing. The only method to increase the pot life is to dilute the recipe so
silanol/ alkoxysilane groups have fewer chances to collide. The two-step approach may reduce
the silanol/ alkoxysilane concentrations and hence can increase the pot life. For this reason, to
increase the pot life, the two-step approach should represent the direction of the future
development.

Moisture curing provides f-DETA/TMOS coatings with slightly poorer abrasion
resistance compared with coatings prepared by direct hydrolysis methods, but it usually have a
very long pot life. Room temperature moisture curing is rather time-consuming, so the future
research should focus on higher temperature moisture curing.

Finally, developing new trialkoxysilylated organic compounds is always a future research
direction. Generally, gels derived by hydrolysis and condensation contains more or less porosity
unless they are fully sintered at a high temperature, these pores are believed to result in poorer

mechanical strength of the gel. Incorporation of some flexible organic components can help to
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relax the internal stress that are formed during the drying and curing processes, thus hopefully
leading to improved mechanical properties. Ideal organic components should include groups or

linkages that can improve the toughness and flexibility of the sol-gel materials.
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