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Abstract

Colloidal suspensions of Si02 in ethanol prepared by the ammonia catalyzed hydrolysis of tetraethyl

silicate (TEOS) in ethanol have been routinely used for over 10 years to prepare antireflective (AR)

coatings on the fused silica transmissive optical components of high power fusion lasers. Very high

purity coatings are required to avoid laser damage and these are obtained when the TEOS is

fractionally distilled under N2prior to use.

Recently we found that products from aerial oxidation of distilled TEOS, had a significant effect on

the particle size of our coating suspensions to the detriment of the optical performance. We require

particle sizes less than 20 nm to avoid light loss due to scatter and contaminated TEOS gave

suspensions with much higher particle sizes. Oxidation products were identified by GC mass

spectroscopy and included acetaldehyde, acetic acid, silicon acetates and reaction products of these

compounds with ethanol.

Acetic acid and silicon acetates were found to be the major cause of large particle formation.

could be removed by careful redistillation preferably in the presence of a small quantity of

magnesium ethoxide. Storage in sealed containers over Nz avoided further problems.

1. Introduction

These

One of the most successful applications of the sol-gel process is in the preparation of AR coatings for

high power fusion lasers. A colloidal suspension of silica in ethanol prepared by the ammonia

catalyzed hydrolysis of TEOS (Stober process [1]) is used for coating fused silica transrnissive

opt.icaIcomponents which can be up to 80 cm in diameter. [4] The suspension can be applied either

by spin or dip at room temperature and, after evaporation of the ethanol, a coating consisting of a

porous disordered array of silica particles is obtained. The refractive index of this coating is

approximately 1.22 and it is therefore a near perfect quarterwave AR coating for fbsed siIica

substrates which have an index of 1.46. The process is illustrated in Figure 1.

(insert Figure 1. here)



High power fision lasers require maximum transmission through all optics, for maximum

efficiency, and high laser darnage threshold for all components for maximum power. Sol-gel porous

silica coatings give near 100% transmission and have a laser damage threshold at least twice as high

as any other AR coating prepared by other methods.

!

Fusion lasers in France [2], England [3]and the US [4] including the two most powerful ones in the

world, the NOVA at LLNL in California and the OMEGA at LLE in Rochester, New York all use

sol-gel AR coatings.

2. Results and Discussion

The Nova laser at LLNL has been in operation for over 12 years. We prepare our own coating

suspensions and have our own coating equipment.

(insert Figure 2. here)

High laser ckqnage resistance is related to high purity. We have found that the purity level of

commercial”samples of TEOS varies and this is easily seen in their UV transmission spectrum. Figure

2 shows the W spectra of four different commercial samples of “pure” TEOS. Sampled is obviously

the best and there are various quantities of absorptive impurities in the others. At LLNL we

fractionally distill TEOS from a 72 liter flask under Nz at atmospheric pressure. We normally distill

about four batches in succession and store the product in 20 liter glass carboys under Nz. We have

used a boiling point specification of 166-167° and a “clean” UV transmission which is shown in Figure

3. This has given a coating sol with particles in the 15-20 nm size range. Coatings prepared from

particles much larger than this were found to cause scatter in the laser beam leading to power loss.

(insert Figure 3. here)

Recently we found that a carboy of distilled TEOS stored for about a year had changed and when

used to prepare test batches of our standard colloidal suspension gave material with a particle size in

the range of 70-80 nm. Container storage had been changed fi-oma relatively constant temperature

enclosure to one subject to daily fluctuations of up to 50”F. The carboy also had a leaking stopper.

It was highly likely that air had cycled in and out on a daily basis for some time. Oxidation and

hydrolysis were then suspected as being a potential problem and this was confined by a GC mass

spectroscopic analysis which is shown in Table I. Almost all compounds identified can be accounted

for by oxidation, hydrolysis and subsequent reactions.

(insert Table 1. here)

GC mass spectroscopic analysis was also carried out on a number of different TEOS samples, both

commercial and distilled, and the results are shown in Table 2. Most impurities can be accounted for

from a small amount of hydrolysis and oxidation. These are strong W absorbers and account for

the variation in the W spectrum. The particle size variation is probably caused by acetic acid and

I



silicon acetates. Unlike other impurities these will form ionic products, i.e. ammonium acetate, in

the subsequent colloidal suspension preparation and this should affect the nucleation and growth of

the silica particles.

(insert Table 2. here)

This was confined by suspension preparations under standard conditions using TEOS samples of

I

varying acetate content and measurement of the particle size after reaction was complete. We also

include samples which were deliberately doped with acetic acid. A convenient method for estimating

small quantities of acetate involved non-aqueous titration of a sample of TEOS with O.IN ethanolic

NaOH solution. The results are shown in Table 3 and the relationship between acetate content and

particle size is immediately apparent.

(insert Table 3. here)

While we found that very carefid fractional distillation could be used to remove most of the acetates,

abetter method was developed. There is a well known reaction f~st used to prepare

metallosiloxanes involving reaction between silicon acetates and metal alkoxides: [5]

0
~i-OAc + RO-M,— ~S i-OM<— + ROAC

All acetate is converted to volatile esters easily removed by distillation.

We selected magnesium ethoxide as a suitable alkoxide and found that a completely acetate-free

TEOS could be obtained on distillation in the presence of this material. Suspension preparation

under our standard conditions from acetate-free material gave particles in the 5-7 nm size range.

I
1

From these results it was obvious that in all our previous preparations we had never had completely

1

acetate-fee TEOS as we had always obtained particles in the 15-20 nm size range.

I 3. Experimental

\ 3.1 Fractional distillation of TEOS
~
!

I Magnesium metal (approx. 20g) and anhydrous, non-denatured ethanol (100g) were mixed in a 72-
j

liter RB flask and a trace amount of HgC~ added. When the metal was reacting vigorously, TEOS
!J

(approx. 60 liters) was added.



The mixture was then fractionally distilled under a 2.5 meter vacuum jacketed column packed with

lcm ceramic saddles and with an infinitely variable take-off head at the top. A S1OWstream of Nz

was bubbled through the TEOS continually.

Product was collected at a head temperature of 166-167° and continually checked for purity by W

absorption and titration against alcoholic NaOH solution for acetate content. The product was stored

in 20 liter glass carboys under Nz with silicone rubber stoppers.

3.2. Preparation of colloidal silica suspension (standard method) [4]

Fractionally distilled acetate-free TEOS (104.Og: 0.5 mole) was mixed well with anhydrous non-

denatured ethanol (866 g) and concentrated ammonium hydroxide solution (29.6g of 30% NH~-70Y0

LO, 1.15 mole water equivalent) then added. The solution was left at room temperature for a

minimum of 3 days. The product contained 3% by weight of approximately spherical silica particles

with diameters in the range of 5-7 nm.

4. Summary and Conclusions

The purity of nominally “pure” commercial samples of TEOS can vary considerably. While some

impurities are probably formed as by-products from the synthesis, others can be formed by oxidation

and hydrolysis of material stored in a container with a large air space or a leaking stopper. Acetic

acid and silicon acetates are two by-products of hydrolysis and oxidation that can, even at low

concentrations, affect subsequent reactions. As little as 0.1!ZOacetate can increase the particle size of

colloidal silica suspensions prepared by the ammonia catalyzed hydrolysis of TEOS by a factor of 5.

This is detrimental to the optical properties of AR coatings prepared from such suspensions.

It is likely that acid catalyzed hydrolysis reactions using small quantities of added acid might be

similarly affected.

High purity acetate-free TEOS can be prepared by fractional distillation at atmospheric pressure

under Nz over magnesium ethoxide. ne distifled product should be stored in sealed Containers

under N2.
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TABLE 1. Analysis of improperly stored TEOS with probable
sources of impurities.

Analysis Immwityand source

0.09% acetaldehyde--+xidation product
0.21% acetic acid-oxidation product
0.64% ethanol-hydrolysis product
0.09% ethyl vinyl ether-acetaldehyde + ethanol
0.19% ethyl acetat=thanol + acetic acid
0.69% 1,1, diethoxyethane-acetaldehyde + ethanol
0.54% diethoxyhydroxysilicon acetate-acetic acid + TEOS
o.17% triethoxysilicon acetate-acetic acid + TEOS
0.43% triethoxysilanol-hydrolysis product
0.43% diethoxysilicon diacetate—acetic acid + TEOS
O.42%J triethoxyethyl silane-impurity
94.5% TEos



I

TABLE 2. Analysis of different commercial and distilled TEOS samples.

LLNL LLNL dist.
Component Comm. (a) Comm. (b) Comm. (c) dist. over Mg

Ethanol 0,07 0.13 0.23 0.27 —

Triethoxyethylsilane 0.21 0.74 0.78 0.73 0.92

Diethoxyhydroxy 0.04 — — 0.14 —
silicon acetate

Tetraethylsilicate 99.5 98.4 98.6 98.4 99.1

Triethoxysilanol — 0.27 0.12 0.20 —

Triethoxysilicon — 0.43 — — —
acetate

Unknown, higher 0.02 — 0.16 0.21 —
boilers -
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Figure 1. Coating from silica suspension prepared
hydrolysis of TEOS.
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Figure 2. W transmission spectra of four different commercial samples of TEOS
(l-cm cell).
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Figure 3. Typical before and after W transmission spectra of
LLNL distilled TEOS (l-cm cell).
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