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Abstract

Various silica sols, with different surface chemistries, were reacted in solvent dispersions with hexamethyldisilazane
(HMDS) or ethoxytrimethylsilane (ETMS) to produce hydrophobic, trimethylsilyl (TMS) functionalized sols. 'H and
2Si nuclear magnetic resonance were used to quantify the surface species and the TMS surface coverage. The amount of
TMS surface coverage, which ranged from 5% to 33%, was a strong function of the starting silica-surface chemistry and
the HMDS reaction time. Sols with a greater hydrogen-bonded silanol surface (as opposed to an ethoxy surface or
isolated silanol surface) resulted in greater TMS coverage. HMDS reacts with both the solvent (ethanol) and the silica
surface. Reaction rate measurements suggested that the silica surface reacts with HMDS at short times (minutes) and
then with ETMS, which is a product of the HMDS/ethanol reaction, at long times (days). High TMS coverage is re-
quired for sol stability in non-polar solvents; the colloid size was found to increase in decane for sols with poor TMS
coverage. In addition, coatings made from TMS sols showed an 80x slower remaining ethoxy-surface hydrolysis rate
upon exposure to humidity than untreated sols. These TMS sol films will be utilized as anti-reflection coatings on
moisture sensitive optics (e.g., potassium dihydrogen phosphate (KDP) crystals) used in high-peak-power laser sys-
tems.
© 2003 Published by Elsevier Science B.V.

1. Introduction

Colloidal silica (1 nm—1 pm) is used in a large
number of applications in industries ranging from
microelectronics to healthcare [1,2]. One method
to create monodisperse silica sols, which was de-
veloped by Stober more than 30 years ago, uses the
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sol-gel process [3]. In the Stober process, silica
particles are created by the hydrolysis and con-
densation of silicon alkoxides in alcohol solvents
in the presence of a base (e.g., NH;) and H,O.
Colloidal silica made by the Stober process is
specifically attractive for use as anti-reflective
(AR) coatings for optics used in high-peak-power
laser systems because the colloids can be made
with very low impurity levels, small particle size
(~20 nm), and narrow particle size distributions
[4-6]. These characteristics lead to coatings with
low refractive indices, low scatter, and high laser
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damage thresholds, all of which are required for
such laser systems [4,7]. These AR coatings work
particularly well on silica glass optics. However,
such coatings on KDP crystal optics (used for light
frequency conversion) result in the formation of
etchpits on the surface of the crystals. These
etchpits are caused by water-enhanced dissolution
of KDP due to capillary condensation of moisture
within the coating [8]. The etchpits then cause
optical scatter and hence have detrimental effects
on laser performance. Water condensation in the
coating is largely governed by the hydrophilic
nature of the silica surface. Hence, one mitigation
technique is to chemically modify the sol coating
so that its surface is hydrophobic rather than hy-
drophilic, thereby minimizing water condensation
and etchpit formation [8].

A silica surface can be made hydrophobic by
chemical reaction (referred to as functionalizing,
grafting, or silylating) with certain coupling agents
to form trimethylsilyl (TMS, —Si(CH3);) surfaces.
TMS functionalization of silica surfaces has been
previously accomplished by reaction with hexam-
ethyldisilazane (HMDS) [9-18] or chlorotrimeth-
ylsilane [19-21] in the vapor phase. Zettlemoyer
and Hsing [12] showed that TMS functionalization
of silica colloids greatly altered the water adsorp-
tion isotherms, making them significantly more
resistant to water adsorption. Others have shown
that the degree of TMS coverage achieved is de-
pendent on the type of surface silanols present
(vicinal, geminal, or isolated) [9,11,15,19,20,22—
24]. Vapor-phase surface modification, however,
forms basic (NH;3) or acidic (HCl) products and
requires the use of elevated temperatures to obtain
high TMS coverage, all of which are harmful to
the KDP surface. One way around this problem is
to perform the silylation of the colloid in situ (i.e.,
while it is still in suspension) and then prepare the
sol coating after harmful products have been re-
moved by distillation. In situ TMS modification of
various types of silica sols in various solvents has
been recently accomplished using HMDS [8,25-
27], trimethylalkoxysilanes [28], and trimethyl-
halosilanes [29].

In this study, HMDS was used as a trimethyl-
silylating agent to modify various Stober silica sols
in ethanol. The main objective was to determine

and understand the parameters (e.g., surface
chemistry and reaction time) that affect the
amount of TMS coverage. Four different silica sols
were synthesized by the Stober process. These sols
were treated with HMDS in solution to produce
TMS functionalized colloids. Using 'H and *Si
magic angle spinning nuclear magnetic resonance
(MAS NMR), the surface chemistry (i.e., isolated
silanol, hydrogen-bonded silanol, and ethoxy
species) of the four starting sols and the amount of
TMS coverage of the HMDS treated sols were
determined. Reaction rates of HMDS with the
silica surface and with ethanol were also deter-
mined from NMR measurements. These data were
used for determining the reaction mechanism and
for developing methods to maximize TMS cover-
age. Next, the effects of the TMS functionalization
on the properties and stability of the sol and of the
sol-derived coatings were examined. Finally, the
performance of TMS sols used as AR coatings on
KDP optics was briefly evaluated.

2. Experimental

Six silica sols (labeled as Sols A-F) were syn-
thesized. Sols A-D (referred to as starting sols)
were used as precusors to prepare TMS-function-
alized sols (Sols E and F). The reagents used were
ethanol (dehydrated) (EtOH), concentrated am-
monium hydroxide (Reagent Grade 28-30% NHj)
(NHs(aq)), deionized water, tetraethoxysilane
(Ultrapure Double Distilled Grade) (TEOS), eth-
oxytrimethylsilane (98%) (ETMS), decane (99+%,
anhydrous, Aldrich), and HMDS.

Sol A: silica sol (3%) in ethanol. EtOH,
NH;(aq), and TEOS were mixed at a ETOH:
NH;:H,O:TEOS mole ratio of 38:1:2.37:1 in the
order listed above. A typical batch contained of
208 g TEOS, 59.4 g NHs(aq), and 1732 g EtOH.
The mixture was aged for three days at room
temperature in a glass container without stirring
before use. The resulting sol had 3 wt% SiO,.

Sol B: silica sol (6%) in ethanol. This sol was
prepared in the same manner as Sol A except that
the ETOH:NH;:H,O:TEOS ratio was 16:0.13:
2.5:1, and the sol was aged for 14 days. A typical
batch contained of 208 g TEOS, 8.0 g NH;(aq),
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39.4 g H,0, and 748 g EtOH. The resulting sol had
6 wt% SiO;.

Sol C: silica sol (9%) in ethanol. This sol was
prepared in the same manner as Sol A except that
the TEOS:NH;:H,O:EtOH ratio was 9:0.06:2.5:1,
and the sol was aged for 14 days. A typical batch
contained of 208 g TEOS, 3.0 g NHj(aq), 42.8 g
H,0, and 420 g EtOH. The resulting sol had 9 wt%
Si0;.

Sol D: silica sol (3% ) in ethanol (refluxed). This
sol was prepared by refluxing Sol A for ~8 h to
remove NH; and H,O. Refluxing was halted when
a sample of the sol added to deionized water gave
a pH less than 7. The resulting sol had 3 wt% SiO,.

Sol E: HMDS treated sol (10%) in decane. The
procedure for preparing Sol E is illustrated in
Fig. 1, and the various processiong routes used are
summarized in Table 4. This sol was prepared
using one of the starting sols (Sols A-D). The
starting sol was concentrated to 12 wt% SiO, by
distilling off EtOH. H,0 in varying amounts (0-
2.7 M) was often added, and the sol was aged for
12 h. Then HMDS was added in various amounts
(0.75-1.5 M) and aged for 1-7 days. The solution
was then diluted with decane (99+%, anhydrous,
Aldrich) such that the TEOS:decane mole ratio is
1:3.8. Finally, all the components except for the
decane and colloidal silica were removed by dis-
tilling until a temperature of 178 °C was reached.
The resulting sol had 10 wt% SiO,.

Sol F: ETMS treated sol (10%) in decane.
EtOH from Sol B was removed by distillation until
the silica concentration was 12 wt% SiO,. Then
ETMS and NHj(aq) were added to the solution so
that the ETMS:NH,OH:TEOS mole ratio was
7.8:0.70:1. Then decane was added to obtain a
TEOS:decane mole ratio of 1:3.8. Finally, all the
components except for the decane and colloidal
silica were removed by distilling until a tempera-
ture of 178 °C was reached. The resulting sol had
10 wt% SiOs.

"H and *°Si MAS NMR. The samples for the
solid state NMR measurements were prepared in
two different manners. To characterize the sol,
approximately 20 g each of Sol A—F were air-dried
in glass weighing bottles for 1-3 days at room
temperature. Some of the solid powder residue was
heated at 120 °C for 8 h at 1 atm pressure. The
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Fig. 1. Schematic of the preparation procedure for TMS
functionalized silica sols (Sol E).

resulting samples were measured using a 270 MHz
Tecmag Airies NMR. 'H MAS NMR measure-
ments were conducted at 270 MHz with a spinning
speed of 4.5 kHz, and pulse length and delay of
2 us and 1 s, respectively. 2Si MAS NMR mea-
surements were conducted at 53 MHz with a
spinning speed of 4 kHz, and pulse length and
delay of 4 us and 60 s, respectively.
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For the reaction rate measurements (i.e., to
determine the amount of TMS coverage as a
function of time), Sol E (after the HMDS was
added to the sol) was vacuum dried while being
heated in water bath at ~30-50 °C. The suspen-
sion dried to a solid powder within 8 min. Solid
samples were prepared at various times after the
HMDS was added, but prior to the decane addi-
tion. The resulting samples were measured using a
300 MHz Tecmag Airies NMR. ?Si MAS NMR
measurements were conducted at 53 MHz with a
spinning speed of 4 kHz, and pulse length and
delay of 4 us and 60 s, respectively. 60 kHz proton
decoupling was also used. Various delay times
were first examined to ensure quantitative results.

'H NMR. To determine the reaction rate of
HMDS with EtOH, liquid 'H NMR was per-
formed at various times after HMDS addition
during the preparation of Sol E. The sol was
placed in a standard 5 mm NMR tube and mea-
surements were conducted in a Briikker DRX 500
NMR using a 2 s delay. Neat samples were also
analyzed to identify the chemical shifts.

Dynamic light scattering. Dynamic light scat-
tering (DLS) measurements were carried out on a
particle size analyzer. The sols were placed in a 1-
cm pathlength plastic cuvette, and light scatter was
measured at 90° in triplicate. The mean unimodal
particle size was recorded. Details of the calcula-
tions of the particle size and standard deviation
can be found elsewhere [30].

BET surface area. The sols were air-dried at
room temperature and then vacuum dried at 80 °C
for 24-48 h. Nitrogen adsorption was measured.
The particle surface area was calculated using the
Brunauer-Emmet-Teller (BET) model [31].

Colloid coatings. Two inch silicon wafers were
coated with sol particles by spin coating. Ap-
proximately 1 ml of sol was dropped onto a
spinning (1500-2400 rpm) Si wafer, and the coat-
ing was allowed to spread and dry for ~2 min.
Coating thicknesses were ~2200 A.

Transmission infrared spectroscopy. The water
content of each sol was measured using an Fou-
rier-transform infrared spectrometer. The sols
were placed within a NaCl sealed cell with a 0.1
mm pathlength, and the absorbance at 1660 cm™!
was measured. The extinction coefficient of H,O

was measured using a series of standard solutions
of H,O in EtOH, which was determined as 28.5
/(mole cm).

Reflectance infrared spectroscopy. The chemical
composition of each coating was analyzed by in-
frared spectroscopy using a Fourier-transform in-
frared spectrometer (FTIR) with a variable-angle
specular reflectance (VASR) unit. FTIR absor-
bance spectra were obtained by accumulating 500
scans over a frequency range 5004600 cm~! at a
resolution of 1 cm™'. The coated silicon wafers
were supported so that coating was at the focus of
the VASR. The spectrum of a bare silicon wafer
substrate was subtracted from the spectrum of a
coated wafer to obtain the spectrum of the coating.
Changes in relative concentrations were monitored
by measuring absorbance peak heights at charac-
teristic frequencies: ethoxy species at 2975 cm™!
and TMS species at 2960 cm~'. Between mea-
surements, the coated wafers were stored in a hy-
grostat at 20 °C and 95% relative humidity.

3. Results and discussion
3.1. Surface chemistry of starting sols

Sols A-D were specifically prepared by different
methods to alter the surface chemistry while
maintaining approximately the same particle size.
The compositions were chosen using an empirical
relationship derived by Bogush et al., which al-
lowed prediction of particle size according to the
quantity of reagents used (TEOS, NH;, and H,O
concentration) [32,33]. The properties of the sols
are summarized in Table 1. The large surface area
of the sols (400-600 m?/g) suggests that the surface
chemistry should play an important role in the
properties and behavior of these sols.

The chemistry of silica surfaces has been pre-
viously studied, most notably by Maciel et al. us-
ing 'H and ?Si NMR [19,22,23,34-36]. The silica
surface can include several types of chemical spe-
cies. These include: (1) isolated silanols, (2) vicinal
silanols, (3) geminal silanols, (4) siloxane bridges,
(5) single ethoxy groups (6) geminal ethoxy
groups, (7) vicinal ethoxy/silanol, and (8) TMS
surfaces (Fig. 2). '"H MAS NMR can be used to
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Table 1
Basic properties of synthesized sols
Sol Solvent SiO, Mole ratio  Particle Water Solution pH Solids BET sur-  Refractive
(Wt%) of starting  size (nm)  conc. density loading face area  index of
composi- (vol.%) (g/lem?) (Wt%) (m?*/g) coating
tion®
A EtOH 3% 1:1:2.37:38 22 0.92 0.802 10.5 3.5% 606 1.17
B EtOH 6% 1:0.67:2:16 18 1.06 0.820 10.1 6.7% 557 1.20
C EtOH 9% 1:0.06:2.5:9 26 1.43 b b b b 1.17
D EtOH 3% 1:1:2.37:38 6 0.25 0.838 6.9 3.5% 540 1.22
E Decane 10% na 25 0.96 0.785 8 13.0% 430 1.21
F Decane 10% na 28 b 0.785 8 _b -b 1.21
*TEOS:NH;:H,O:EtOH mole ratio.
®Not measured.
H H H ' '
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Fig. 2. Various types of surface species present on silica.

distinguish between many of these species on the
surface of the colloid. Fig. 3 shows the 'H MAS (d)
NMR spectra of Sols A-D after being dried 120

o Sol D
C in air.

Five specific chemical shifts can be identified
(peaks 1-5) as described in Table 2. The presence of
the physisorbed water peak (~3.5 ppm) in these ‘ ‘ ‘ ‘ ‘
spectra suggests that heat treatment did not re- 8 6 4 2 0

S

move, at least permanently, all physisorbed species.
The spectra also show the presence of isolated sil-
anols (peak 2, 1.7 ppm), ethoxy groups (peaks 1 and
4, 1.0 and 3.7 ppm), and hydrogen bonded silanols
(peak 5, 1-8 ppm -broad). Qualitatively the hy-
drogen bonded silanol concentration on the surface
has the following Sol A > Sol B > Sol D > Sol C.

2Si MAS NMR can be used to provide further
insight into the silica surface chemistry as well as

Chemical Shift (ppm)

Fig. 3. '"H MAS NMR spectra of Sols A-D after drying at 120
°C.

support some of the conclusions made using the
'H MAS NMR data. This technique probes the
local chemical environment around a Si atom. We
use the following standard nomenclature to
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Table 2
Identified '"H MAS NMR chemical shifts of Sols A-D
Peak Chemical Chemical species Reference
number shift (ppm)
1 1.0 OCH,CH; [44]
2 1.7 SiOH (isolated) [19,35]
3 3.5 H,O (physically [19,35,36]
absorbed)
4 3.7 OCH,CH; [44]
5 1-8 (broad) SiOH (hydrogen [36]
bonded)

describe the different silicate species: Q represents
a quaternary oxygen tetrahedron; T represents a
three-oxygen, one-alkyl-group tetrahedron; D
represents a two-oxygen, two-alkyl-group tetra-
hedron; and finally M represents a one-oxygen,
three-alkyl-group tetrahedron. In the current in-
vestigation, various Q species and M species (TMS
species) are observed. The subscripts denote the
number of alkoxide groups that have reacted to
form Si-O-Si linkages. Therefore, Q, represents
an unreacted TEOS precursor, and Q, represents a
fully condensed silicate species. By the same token,
M, represents an unreacted TMS group (such as
ETMS, or hydroxytrimethylsilane) and M; repre-
sents an attached TMS group. The chemical shifts
due to all these chemical species are well reported
in the literature [19,20,22-24,37-39]. Based on re-
ported values, the peaks were easily assigned as:
Q4 (=110 ppm), Q3 (102 ppm), Q, (=93 ppm), M
(12.5 ppm), M, (16 ppm) [20]. No Qp and Q
species were identified in the spectra.

2Si MAS NMR spectra of the starting sols are
shown in Fig. 4. These data shows that all the
colloidal sols consist of Q,, Q3 and Q4 species. The
Q; species represent geminal silanol and/or ethoxy
species, and Q3 species represents the single sila-
nols (either isolated or vicinal) and single ethoxy
species (see Fig. 2). Quantitative analysis of the
Si MAS NMR spectra is reported in Table 3.
Approximately 35-45% of the Q species are Q,
and Qs species for these colloids (see Fig. 4). The
majority of the surface species (>90%) in the
starting sols constitute Qs species; hence the sur-
face is dominated by single silanols (isolated and/
or hydrogen bonded) and single ethoxy species.

Because these NMR experiments are conducted
in the solid state, the peaks are broadened due to

v T M T ® T T ¥ T T
8 .90 95 -100 -105 -110 -115 -120
Chemical Shift (ppm)

Fig. 4. 2Si MAS NMR spectra of dried Sols A-D.

Table 3
Amount of various Q species in Sols A-D determined from data
shown in Fig. 4

Sol %0Q, %Q3 %0Q4
Sol A 3 35 63
Sol B 4 30 66
Sol C 2 30 68
Sol D 2 44 55

inhomogeneity caused by the various environ-
ments in which the Q species are located and by
the type of Q species present. For example, there
are two types of Q; species that can be present
(single silanols or ethoxy). These two species have
different chemical shifts that have been previously
identified [40]. The single silanols (either isolated
or vicinal) have a chemical shift of =100 ppm, and
the single ethoxy surface have a chemical shift of
—103 ppm. Fig. 4 identifies these specific chemical
shifts. Note, however, we cannot distinguish be-
tween isolated and vicinal silanols from the ¥Si
NMR data. The data on the starting sols suggest
that the sols contain an silanol concentration with
the following trend: Sol D < Sol C < Sol A <
Sol B.

It is likely that the surface chemistry of the
colloid is governed by its chemical environment (in
this case, H,O and ethanol concentration in solu-
tion). One can write the following simple overall
equilibrium for the surface chemistry of the sol:
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(Si — OEt)g + H,O = (Si — OH)s + EtOH, (1)

where the surface ethoxy concentration, (Si-OEt)s,
and surface silanol concentration, (Si-OH)s, are
determined by the relative H,O and EtOH con-
centrations. Hence using Le Chatelier’s principle
[41], solutions that contain high concentrations of
H,O tend to have more silanol surface while so-
lutions with low H,O concentration tend to have
more of an ethoxy surface.

Experimental evidence helps support this hy-
pothesis. Sol A which had the greatest hydrogen
bonded silanol content was prepared in solution
containing the largest water concentration. By the
same token, Sol D which had a low hydrogen
bonded silanol content, had low water content in
solution (compare Fig. 3 with Table 1). The only
exception is Sol C, which has a high water con-
centration (1.4 vol.%), and it still had a noticeable
ethoxy concentration on the surface. This may be
due to the fact that the ammonia concentration was
very low in this sol compared to Sols A and B. NH;
most likely enhances the forward reaction by cre-
ating OH~ ions; note hydrolysis and condensation
reactions are enhanced in basic environments [42].
If Eq. (1) is valid, then the addition of more H,O to
the sol, should result in further hydrolysis of the
ethoxy surface. H,O was added to Sol B and
equilibrated for 24 h, and a dried sample was
measured by 'H MAS NMR (see Fig. 5). The re-
sults clearly indicate the removal of ethoxy groups
(1.0 ppm) from the surface upon H,O addition.

T |
Sol B

- Sol B +H,0

T T T T

8 6 4 2 0 -2
Chemical Shift (ppm)

Fig. 5. '"H MAS NMR spectra of Sol B with and without the
addition of 2.7 M H,O.

3.2. Effect of processing on the degree of TMS
functionalization

Quantitative determination of the amount of
TMS functionalization can be performed using
2Si MAS NMR. Fig. 6(a) illustrates measured »Si
MAS NMR spectra of Sol E made from Sols A-D.
As the amount of TMS functionalization in-
creases, the M peak increases and Q, and Q; peak
decrease. The same trend was observed by Linton
et al. [20]. Also, one should expect an equivalent
increase in Q4 with increase in M;. The amount of

/L
T T T T

............... sol A (control)

—— TMS from sol A
- — = TMS from sol B
..... TMS from sol C
| ~-—--TMS from sol D

0 15 10 95 100 105 -110 -115 -120
(a) Chemical Shift (ppm)

L
LA B mn e s e e A e e b /2 e B S B S S S |

— TMS from sol A + H,0
- — = TMS from sol B + H,0
----- TMS from sol C + H,0

0 5 o s '-12)0'-155‘-1'10'-1'15'-120
(b) Chemical Shift (ppm)

Fig. 6. 2Si MAS NMR spectra; (a) of dried Sol E synthesized
from Sols A-D. Sol E was synthesized using 1.5 M HMDS with
a reaction time of two days (b) same as (a) except that 2.7 M
H,0 was added to Sols A-D prior to HMDS addition.
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TMS functionalization is quantified in two ways.
First, we describe the TMS functionalization as
the percentage of Si atoms in the colloid that have
trimethyl groups attached, which is defined as

. AMI x 100% (2)
Awiy +Agr + Aqa + Ags + Aqs’

where A is the area of the peak in the ?Si MAS
NMR spectra of the specific silicate species iden-
tified in the subscript. The areas of the peaks were
identified by deconvoluting the spectra using a
standard Gaussian curve fitting routine. The TMS
functionalization can also be quantified as the
percentage of possible reactable surface sites
functionalized, which is defined as

Ay, x 100%
A, +Aqi +Aq, +4g,

Osi

0s (3)
In this calculation of the TMS surface coverage,
we assume that only one site of a geminal species
(Q») can react with HMDS due to steric hindrance.

Table 4 lists the various processing routes uti-
lized to produce Sol E (TMS functionalized sol).
In the table, the specific processing variables have
been identified, and the amount of TMS func-

Table 4
Different processing routes for producing Sol E

tionalization is reported as calculated by Egs. (2)
and (3). Careful examination of Table 4 reveals a
number of relevant processing variables that affect
the amount of TMS coverage.

The type of starting sol used had a strong effect
on the TMS coverage (see Fig. 6(a) and Table 4).
Samples 3, 9, 12 and 14 all had the same pro-
cessing route but different starting sols (no added
water, 1.5 M HMDS, two days reaction time). By
comparing this set of samples, we see that Sol D
produced the worst TMS functionalization
(6s = 13%), and Sol B produced the best TMS
functionalization (s = 22%). Sol D had the least
silanol surface and Sol B had the largest silanol
surface. HMDS will react with a silanol surface
site, but not with an ethoxy surface site.

In order to further improve the TMS coverage,
water was added to some of the starting sols to
hydrolyze the ethoxy surface (see Eq. (1)). The
effect of water on the surface chemistry is shown
by examining Fig. 5, which shows the 'H MAS
NMR spectra before and after water addition. Fig.
6 shows the ?Si MAS NMR spectra of Sol E using
precursor sols (Sol A, B, or C) with and without
added H,O. A noticeable improvement in the

Sample Starting sol Added [H,O] (M) [HMDS] (M) HMDS reaction (0si) %o TMS of (0s) % TMS of
time (days) total Si in colloid reactable sites
1 Sol A 0 0.75 1 5.0 13.3
2 Sol A 0 0.75 3 5.3 14.5
3 Sol A 0 1.5 2 5.7 14.7
4 Sol A 2.7 1.5 2 9.7 28.0
5 Sol A 2.7 1.5 7 11.3 31.2
6 Sol B 0 0.75 1 5.4 16.6
7 Sol B 0 0.75 3 6.1 24.8
8 Sol B 0 0.75 7 8.1 32.6
9 Sol B 0 1.5 2 6.2 22.2
10 Sol B 0.54 1.5 2 7.0 234
11 Sol B 2.7 1.5 2 9.3 32.6
12 Sol C 0 1.5 2 4.8 14.6
13 Sol C 2.7 1.5 2 7.7 259
14 Sol D 0 1.5 2 5.0 13.0
15 Sol D 0 0.75 1 3.7 5.4
16 Sol B 0 Vapor treatment  — 5.3 17.2

Table illustrates effect of starting sol, H,O concentration, HMDS concentration and reaction time on the amount of TMS coverage.
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TMS coverage was obtained for all the starting
sols (Sols A, B, and C) upon H,O addition. Add-
ing H,O to Sol A increased s of Sol E from 14.7%
to 28.0%; adding H,O to Sol B increased 05 of Sol
E from 22.0% to 32.6%; and adding H,O to Sol C
increased Os of Sol E from 14.6% to 25.9%.

The silanol species are the reactive site for TMS
functionalization; however, the exact type of sila-
nol species (geminal, isolated, or vicinal) that is the
most reactive species is a more difficult question to
answer. Numerous groups have sought the answer
to this question using vapor treatment of various
trimethylsilylating agents [9,10,16,19,20,23,24,34];
however, there is much discrepancy in the results
and conclusions. Some report that isolated single
silanols are the most reactive surface site to
HMDS and chlorotrimethylsilane [9,11,22]. Others
have reported that geminal and/or hydrogen bo-
ded silanols are more reactive [10,19,23,43]. Using
»Si NMR Linton argued that surface modification
resulted in the decrease first in the Q, peak and
then Q; peaks. Hence, geminal silanols were most
reactive followed by single silanols (most likely
hydrogen-bonded) [20]. Kytokivi [10] used reflec-
tance IR in the low frequency region to show a
significant amount of isolated silanols (960 cm™")
after HMDS vapor treatment, suggesting that the
isolated silanols were unreactive with the HMDS.

The results from the present study can provide
some insights to different reactivities of various
silanol sites. First, note that our functionalization
reactions were performed in solution, not in the
vapor phase, which could have a large impact on
surface site reactivity. Therefore, it is risky to
compare our work with vapor treatment studies on
surface site reactivity. Fig. 6(b) shows the *’Si
MAS NMR spectra of three different sols synthe-
sized from Sol A—C with H,O added. All these
starting sols had most of the ethoxy groups hy-
drolyzed, and should only have isolated and hy-
drogen-bonded silanol surface. Sol A (which had
the highest hydrogen bonded silanol concentra-
tion) had the highest absolute amount of TMS
(0si = 15.4%) in the sol while Sol C (which had the
lowest hydrogen bonded concentration) had the
least absolute amount of TMS coverage
(0si = 10.3%) in the sol in that series. Hence, it
appears that TMS functionalization occurs more

efficiently on sols containing more hydrogen bon-
ded silanols. This is not an unreasonable conclu-
sion. Isolated silanols are isolated either because
they are in closed pores or are shielded by species
that prevent other H containing species from in-
teracting with them [36]. If a small chemical species
such as H,O can not interact with the isolated
silanol, it is hard to believe that a molecule large as
HMDS can. Also, hydrogen-bonded silanols are
more acidic (proton donor) and are more likely to
react.

The reaction time after HMDS is added to the
starting sol also affected the amount of TMS
coverage. This is most clearly illustrated with Sol B
as the starting sol (Samples 6, 7 and 8 in Table 4).
The same trend is observed by comparing samples
4 and 5. Increasing the reaction time up to seven
days appears to have increased the amount of
TMS. More details on the reaction time and re-
action mechanism are discussed in the next section.

Finally, we compare the difference between
HMDS vapor treatment with that of HMDS so-
lution treatment with respect to TMS coverage.
Using the solution treatment, various amounts of
TMS coverage have been achieved, s = 5-33%.
Using a vapor-phase treatment protocol described
by Thomas et al. [18], room temperature vapor
HMDS of Sol A gives 05 = 17%. These results
indicate that with proper processing, greater TMS
coverage can be achieved using HMDS solution
treatment.

3.3. Reaction rate and mechanism of TMS func-
tionalization

During the synthesis of Sol E, a large excess of
HMDS had to be added in order to get significant
TMS coverage. In fact, only 0.23 M-HMDS is
theoretically needed to obtain 100% TMS cover-
age, while 1.5 M HMDS is typically used. The
reason for this is that HMDS reacts with EtOH
(which is the solvent) as well as the silica surface.
Although using HMDS in an ethanol based system
seems wasteful, it is more economical to use excess
HMDS than to perform a solvent exchange or to
develop a new silica sol system for the purpose of
making AR coating for high-peak power lasers.

The following reaction scheme is proposed:
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(CH;),Si—N—Si(CHj;), + 2CH;CH,OH
\

H

5, 2CH;CH30—Si(CHs), + NH;, (4)

(CH3),Si—N—Si(CHj3), + 2=Si—OH
H
& 9=8i—0—Si(CH;), + NH;. (5)

HMDS can react with ethanol to produce ETMS
or with the silanol surface to produce a TMS
modified surface: k; and k, are the reaction rate
constants for Egs. (4) and (5), respectively. In both
reactions, ammonia is created. The reaction rates
of Egs. (4) and (5) were probed using 'H and ?°Si
NMR upon the addition of HMDS into the
starting sol solution (Sample 6 in Table 4). 'H
solution NMR spectra showed numerous peaks
from protons in H,O (OH, ~5.0 ppm), HMDS
(Si(CH3);, —0.016 ppm) EtOH (CH;, 1.1 ppm;
CH,, 3.52 ppm), and ETMS (Si(CH3)s, 0.025 ppm;
CH,, 3.58; CH3;, 1.1 ppm). The ETMS and HMDS
concentration were determined by the increase in
the ETMS chemical shifts (0.025 ppm, 3.58 ppm)
and the decrease in the HMDS peak (—0.016 ppm).
The calculated concentrations of HMDS and
ETMS are shown as a function of time in Fig. 7(a).
The reaction of HMDS with ethanol appears to
follow a simple first order reaction and hence the
concentrations of HMDS (Cuymps) and ETMS
(Cerms) as a function of time () can be simply
described as

Cumps (1) = Coe ™
CETMS(t) = 2C0(1 — e”‘")

where C, is the original HMDS concentration and
k is the reaction rate constant. The best fit to the
data gives k; = 1.95 x 10~} s7'. The half life (7,),)
of the HMDS is very short, only 6 min. Also, note
that basically all the HMDS reacts with EtOH
since 1.5 M creates approximately 3.0 M-ETMS.
The HMDS/silanol surface reaction could not
be determined from the '"H NMR data due to the
large concentrations of the HMDS/EtOH reaction
species. To monitor the TMS coverage of the silica
surface, a portion of the sol was removed at vari-
ous times after the additon of HMDS. The sample

(6=7)

T T T T T
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Fig. 7. (a) HMDS and ETMS concentration as a function of
time as determined by 'H solution NMR; (b) TMS coverage
(0s) as a function of time after HMDS addition as determined
by #Si MAS NMR on vacuum dried samples.

was then vacuum dried and analyzed by *Si MAS
NMR. Fig. 7(b) shows the calculated TMS cov-
erage (using Eq. (3)) as a function of time. The
TMS coverage rate (shown in Fig. 7(b)) appears to
have two components: a fast reaction occurring
within the first hour and a slower reaction which
takes place on the order of days. The fast reaction
is likely due to the HMDS/silanol surface reaction
(Eq. (5)). Because essentially all the HMDS is
consumed within the first 30 min (Fig. 7(a)), the
slow reaction is not likely due to the HMDS/sila-
nol surface reaction. One likely explanation is that
the by-product of the HMDS/EtOH reaction,
ETMS, reacts with the silanol surface as follows:
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(CH3),Si—OCH,CHj
+=Si—OH £ =Si—0—Si(CH),
+ CH;CH,OH. (8)

To test whether ETMS can react with the silica
surface, Sol F was synthesized. NH,OH was added
as a catalyst. The resulting amount of TMS func-
tionalization was 0g = 19.7% as measured by »Si
MAS NMR. This result indicates ETMS can
participate in the TMS functionalization of the
silica surface, suggesting that this reaction is the
probable explaination for the slow TMS func-
tionalization rate at long times in Fig. 7(b).

The set of reactions (Egs. (4), (5), and (8)) can
be used to describe the kinetics of overall TMS
coverage rate. Since, k; > k3, we can simply de-
scribe the TMS coverage rate as

Qs(t) = QSHMDS(I - eith) + HSETMS (1 - eikﬁ)ﬂ (9)

where 0, s the maximum TMS coverage due to
Eq. (5), and 0y, is the maximum TMS coverage
due to Eq. (8). Note &, is actually a composite of
the consumption of HMDS in the intrinsic
HMDS-SiOH reaction (Eq. (5)) and in the
HMDS-EtOH reaction (Eq. (4)). In other words,
the HMDS-SiOH reaction rate decreases because
HMDS concentration is reduced by the HMDS-
ETOH reaction. The best fit of Eq. (9) is shown in
Fig. 7(b) with k&, = 7.9 x 107* s7! and k3 = 6.9 x
1076 s71. 05,0 Was determined as 12% and 0y,
was determined as 10%. Hence a significant
amount of TMS coverage occurs from both
HMDS and ETMS reacting with the silica surface.

Based on the results of the kinetic analysis, the
TMS coverage is maximized by allowing Sol E to
sit for at least seven days after the addition of
HMDS. The data in Table 4 also support this
conclusion.

3.4. Effect of surface chemistry on sol stability in
non-polar solvents

Upon the addition of HMDS during the syn-
thesis of Sol E, the colloid surface changes from a
hydrophilic (silanol) surface to a hydrophobic
(TMS) surface. The amount of TMS coverage is
essentially describing the degree of hydrophobicity

of the surface. The colloid stability of the TMS
sols in non-polar solvents was found to be a strong
function of the TMS coverage. The TMS sol which
was originally in ethanol (a hydrophilic solvent)
was transferred to decane (a hydrophobic solvent).
Fig. 8(a) shows the hydrodynamic particle size of
the colloid as a function of time after Sol E was
transferred into decane for sols with varying de-
grees of TMS coverage. Also, as shown in Fig.
8(b), the difference in particle size of the TMS sols
is illustrated by the change in optical transparency
due to an increase in optical scatter with increase

90 T 1 T ¥ T X T
1{(@)

80+ 8,=13.3% -
=]
E 70- |
" 4 4
& 604 .
n ]
[
° 50+ 1
E E
& a0- ,0,=166%
c 1 —
3 30- éf/- _,6,=248%
= s —————0,=20.7%

SoE Sol E
Sample9 = gample 15
0,=32% 0,=5.4%

Fig. 8. (a) Effect of TMS coverage of Sol E on the temporal
stability of the colloid size. The hydrodynamic particle size was
measured by DLS; (b) Photograph of two TMS functionalized
sols (Sol E), one with high TMS coverage (s = 33%) and one
with low TMS coverage (0s = 5.4%).
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in particle size. The sols with low TMS coverage
resulted in an increase in particle size, while those
with a TMS coverage greater than 65 = 25% were
stable. A sol with coverage less than this level must
still have a portion of the colloid exposed with a
hydrophilic surface, and hence such a colloid in a
hydrophobic solvent (e.g., decane) is unstable and
will start to aggregate with other colloids having a
hydrophilic surface. At TMS coverage of
0s = 25%, the TMS groups must sterically hinder
(i.e., act as an umbrella) the interaction of any
remaining silanols on the colloid surface.

3.5. Effect of surface chemistry on colloid coating
stability

The chemical stability of the sols after being
cast as films is also a strong function of surface
species. As films, the colloids essentially stack up
like random billiard balls on the surface of the
substrate. Three films from Sols A, D, or E were
exposed to 95% humidity, and the surface
chemsitry was evaluated by reflectance infrared
spectroscopy. The hydrocarbon vibrations were
monitored as a function of time (ethoxy at 2975
cm~! and TMS at 2960 cm™!). The results are
shown in Fig. 9. Note that at time zero, Sol D
(refluxed sol) has the largest amount of ethoxy
groups, followed by Sol A (3% sol), and then by
Sol E (TMS sol). Upon exposure of the coatings to
moisture, the ethoxy absorbance for all three
coatings decreases due to ethoxy hydrolysis re-
sulting in the formation of silanols. Also, for Sol
E, the TMS coating, the TMS vibration (2960
cm~') was found not to change within the error of
the measurement (see Fig. 9(b)).

The rate of the ethoxy hydrolysis varied dra-
matically depending on the starting surface
chemistry of the colloids. The rate of hydrolysis
follows a simple first-order reaction rate (i.e., data
fits a single exponential decay with time). The rate
of hydrolysis was fastest (;, = 1.4 days) for Sol
A, which initially had the highest silanol surface.
The rate of hydrolysis of Sol D, which originally
had more of an ethoxy surface, was about 5 x
slower. Finally, the rate of the ethoxy group hy-
drolysis in the TMS sol was the slowest (~80 x
slower than Sol A). Clearly, the hydrophobic na-
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Fig. 9. (a) Reflectance IR absorbance at 2975 cm™! due to
ethoxy groups on the surface of colloidal films (Sols A, D and
E) as a function of time of exposure to 95% relative humidity
atmosphere; (b) Reflectance IR absorbance at 2960 cm™! due to
TMS groups on the surface of colloidal films as a function of
time of exposure to 95% relative humidity atmosphere.

Fig. 10. Space fill illustration of the surface chemistry of silica
colloid having TMS, ethoxy, and silanol surface. Note H atoms
are not shown for simplicity.
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ture and the steric effects of the trimethysilyl group
must inhibit the penetration of H,O to the ethoxy
groups. Fig. 10 illustrates the potential steric effect
of the ethoxy and, more so, the TMS groups on
the silica surface.

3.6. Maximum TMS coverage, hydrophobicity, and
KDP etchpit prevention

The surface site density can be estimated for
each of the silica colloids (Sols A-D) using a re-
lationship given by Maciel [23] as

S=/7.9 nm 2 + (1 — f,)4.6 nm 2, (10)

where f, is the fraction of the surface sites that are
geminal species (Q,). f, can be easily calculated
using the data in Table 3. It turns out that all the
colloids have a very similar number of reactable
sites with S = 4.8 — 4.9 nm~2. The maximum TMS
surface coverage achieved was about 6; = 30-33%.
Hence the TMS site density is 1.6 nm™2.

For a dense, spherical colloid with a 20 nm di-
ameter, the theoretical surface area would be ~310
m? /g, which is about 40-50% of the surface area
that is measured (see Table 1). Hence one would
expect about half of the surface area should be
found on the open and closed pores inside the
colloid. The relatively large-sized HMDS and
ETMS molecules likely have difficulty penetrating
into the open pores of the colloid and can not
penetrate into the closed pores. These surfaces will
not be modified. If we assume all the open pores
and closed pore contain unreachable surface sites,
then the surface coverage becomes 55-66% of re-
actable sites, or 2.7-3.2 nm~2. Maciel [23] calcu-
lated a theoretical surface site density, which is
limited by steric hindrance, as high as 2.8 nm—.
Therefore, the maximum TMS coverage achieved
in this study corresponds near the maximum
achievable coverage with a steric limitation.

The selection of the process that provides the
maximum TMS coverage depends on which pa-
rameter for TMS coverage is used (0s; or 0s). Sol E
(sample 5) had the highest absolute amount of
TMS groups on the surface (0s; = 11.3%) where as
Sol E (sample 11) had the greatest fraction of the
reactable sites with TMS groups (s = 32.6%). In
general, Sol E samples synthesized from Sol A had

ke L T
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Fig. 11. Percentage of reactable sites that were modified by
TMS (0s) vs percentage of total that Si that were modified by
TMS (0s;) for different starting sols. The lines represent a best-
fit linear regression of the data for each of the starting sols.

higher values for 0g for an equivalent value of 0Os;
compared to Sol E samples synthesized from Sol B
(see Fig. 11). The reason for this difference is likely
due to the amount of internal porosity (either open
pores that are inaccessible to the silylating agent or
closed pores). Sols A and B have nearly the same
colloid size, but Sol B has a lower surface area and
cast films from this sol have a higher refractive
index. Sol B likely contains denser SiO, particles
with less internal porosity. Therefore, one would
expect Sol E made from Sol B to have a greater s
for an equivalent amount of 0g;.

As described in the introduction, the driving
force for making a TMS sol was to make a hy-
drophobic coating that would prevent etchpit
formation on KDP optics. To illustrate the hy-
drophobic nature of the TMS sol, the macroscopic
wetting characteristics of the coating were exam-
ined. Sol B and Sol E (sample 11) were spin coated
on a silicon wafer and a water droplet was placed
on top. The great difference in contact angle il-
lustrates the highly hydrophobic nature of the Sol
E coating (see Fig. 12). Sol E was also successful in
preventing etchpit formation on KDP. This is il-
lustrated in Fig. 13, which shows the optical
scatter for a Sol A and Sol E coating on KDP
upon storing in 55% relative humidity for long
times. The greatly reduced optical scatter in
the TMS coating is due to the lack of etchpit
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Fig. 12. Photograph of a water droplet on (a) Sol B and on (b)
Sol E. The difference in wetting is a result of a highly hydro-
philic silanol surface (Sol B) versus a hydrophobic, TMS sur-
face (Sol E).

0.25 — e .
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Fig. 13. Optical scatter from sol coating (Sol A or Sol E) on a
KDP optic upon storing the optic at 55% relative humidity as a
function of time. The lines represent exponential fits to the data
and are a guide for the eye.

formation on the KDP surface [17]. The impor-
tance of the rate of ethoxy hydrolysis is also cor-
related to etchpit formation when these sols are
coated on KDP [8]. It was found that etchpit
formation kinetics on KDP had rates that followed
this trend: sol A > sol D > sol E, following the
same trend as the ethoxide hydrolysis (see Fig.

9(a)).
4. Conclusions
The surface chemistry of Stober silica colloids

can be varied dramatically by changing the relative
quantities of the starting reagents used to make the

sol and by modifying the solvent environment
around the sol. HMDS can be reacted with these
silica sols in suspension to produce very hydro-
phobic, TMS functionalized sols. The variation in
starting surface species, the HMDS reaction time,
and concentration all strongly affect the amount of
TMS coverage that takes place. HMDS appears to
prefer to react with hydrogen bonded silanols, and
the maximum TMS coverage achieved corre-
sponds well to the maximum theoretical coverage
calculated based on the size of the TMS group.
The TMS functionalization of the silica sol greatly
increases the hydrophobicity and stability of the
sol in non-polar solvents, and films cast from this
sol serve to prevent etchpit development on KDP
optics.
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