JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Reaction of Organosilicon Hydrides with Solid Surfaces:
An Example of Surface-Catalyzed Self-Assembly
Roy Helmy, Robert W. Wenslow, and Alexander Y. Fadeev

J. Am. Chem. Soc., 2004, 126 (24), 7595-7600+ DOI: 10.1021/ja0498336 « Publication Date (Web): 28 May 2004
Downloaded from http://pubs.acs.org on March 31, 2009

o
(M \s\-—o/ Son
/ Ho OH
s L
—
CHs HO==_ o O—=s)
o
O, OH OH OH
N A Ny
| Ho=S' wd.
OH.... OH
OH \ G
HO—=aS| sje—OH S
> > o :
) 0 H.Ho
H’%I.H \ H.O\Sl/ é
H H 1)
O/S'\OH \O O/ \OH
. HO\S|/ \ ‘
+ HO;S\'~0H | S S
" S
bH HO o HO OH
H0 H,0 H,0 (
S
'OH
MOXx MOx HO/

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 6 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0498336

A\C\S

ARTICLES

Published on Web 05/28/2004

Reaction of Organosilicon Hydrides with Solid Surfaces: An
Example of Surface-Catalyzed Self-Assembly

Roy Helmy," Robert W. Wenslow,* and Alexander Y. Fadeev*'

Contribution from the Department of Chemistry and Biochemistry, Seton Hallelity,
South Orange, New Jersey 07079, and Merck, Inc., Analytical Research,
Rahway, New Jersey 08857

Received January 10, 2004; E-mail: fadeeval@shu.edu

Abstract: The solution-phase reactions of octadecylsilane (CisHs7SiH3) with 10 high surface area metal
oxides (groups II=VIII) were investigated. C15H37SiH;3 reacted with most metal oxides at room temperature
and produced supported monolayers (self-assembled monolayers, SAMs) with a high grafting density of
Cis, ~4.5—5 groups/nm?. According to the FTIR and °Si NMR spectra, molecules in the SAMs demonstrated
“horizontal” cross-linking (Si—O—Si and Si—OH---HO—Si bonds) and little or no “vertical” bonds with the
metal oxide forming an amorphous, yet ordered film. Also, ~3 mol of H, was formed per each mole of
grafted Cig, indicating complete hydrolysis of C1gH37SiH3 during the reaction. On the basis of the activity of
different metal oxides, we concluded that the hydrolysis of CigH37SiH3, the key step in the reaction
mechanism, is catalyzed by water adsorbed on acidic and basic centers (Lewis and Bronsted) of the surface
of metal oxide. Metal oxides and solids with weak acidic and basic properties, like silica, carbon, and organic
polymers, do not react with C1gHs7SiHs. Increasing the temperature of the reaction or doping neutral surfaces
with acids or bases greatly increases their activity in the reaction with RSiHs.

Introduction improves the uniformity of the supported thin films and makes

The covalent modification of solid surfaces is a powerful the surface modification technique more reproducible.
approach in the designing of materials with a desired level of ~ Perhaps, the first use of organosilicon hydrides (silicones with
solid—liquid and solid-vapor interactions. This is of prime  Si—H groups) for water proofing of construction materials was
interest in sorption and separation, wetting and adhesion, reported by Andrianov and Sobolevskn 1949. Voronkov et
polymer composites, sensors, and other applicafiohslence, al. in a series of work’ reported the use of low- and high-
the development of reproducible and versatile synthetic tools molecular weight organosilicon compounds witk-§i groups
for the selective surface modification of different materials is for water repellency and protective coatings. Although in early
needed. publication§~7 the importance of the presence of the-8i

Organosilanes with the general formulaSXs—n, where X group in the hydrophobizing agents was emphasized, the
is a reactive leaving group, have been used for surface structure of the films and the mechanism of the surface binding
modification and as coupling agents for more than 50 y¥ars. were not studied in detail. Tada et al. repoftéfthe reaction
Organosilanes with different organic side groups (R), leaving of 1,3,5,7-tetramethyl-cyclotetrasiloxane with the surface of
groups (X), and functionalities\(= 0—4) are available, which  TiO,. The preparation of self-assembled monolayers of BSiH
allows for the preparation of a large variety of organosilicon supported on metals and metal oxides was described in our
monolayers and thin film$The use of organosilicon hydrides  \workl112and in the work®15 of other groups. The present work

(X = H) in surface modification has several advantages over symmarizes our recent data on the reaction of alkylsilanes RSiH
other silane coupling agents. It provides a clean reaction

environment (the byproduct is hydrogen gas) and, thus, simpli- (5) Andrianov, K. A.; Sobolevsky, M. \High-molecular Weight Organosilicon

fies the synthetic procedure. For example, in the reactions of Compounds (in RussianPborongiz: Moscow, 1949.
6) Voronkov, M. G.; Kalugin, N. B.Zh. Prikl. Khim. 1956 31, 1390. (b)

commonly used chloro (%= Cl), N,N-dimethylamino (X= Lasskaya, E. A.; Voronkov, M. Gzh. Prikl. Khim. 1962 35, 1093. (c)
— i Voronkov, M. G.ZzZh. Prikl. Khim.1965 38, 1483.

N(CHa)o), a.nd methOXy.(x CH3O.) silanes, the byproducts (7) Voronkov, M. G.; Shirokov, N. BWater Repellant Coatings in Construction

are corrosive and/or highly reactive compounds, HCI, HN- (in Russian) AN Latv SSSR: Riga, 1963.

i i i (8) Tada, H.; Nakamura, K.; Nagayama, H.Phys. Cheml1994 98, 12452.
(CHa),, and CHOH, respectively. A clean reaction environment (9) Tada. H. Tanaka. Mrhin Sold Filme1996 281-2. 404

(10) Tada, HLangmuir1995 11, 3281. Tada, HLangmuir1996 12, 966.

T Seton Hall University. (11) Fadeev, A. Y.; McCarthy, T. J. Am. Chem. Sod999 121, 12184.
* Merck, Inc. (12) Fadeev, A. Y.; Helmy, R.; Marcinko, S. Nlangmuir2002 18, 7521.
(1) Plueddemann, E. Bilane Coupling Agent2nd ed.; Plenum: New York, (13) Shafi, K. V. P. M.; Ulman, A,; Yan, X.; Yang, N.-L.; Himmelhaus, M;
1991. (b) Mittal, K. L., Ed.Silane and Other Coupling Agent¥SP: Grunze, M.Langmuir2001, 17, 1726.
Utrecht, 1992. (14) Noguchi, K.; Hamaguchi, Yu.; Machida, K.-I.; Adachi, G.-YGhem. Lett.
(2) Ulman, A.Chem. Re. 1996 96, 1533. 2001, 4, 298.
(3) DiBenedetto, A. TMater. Sci. Eng2001, A302 74. (15) Owens, T. M.; Nicholson, K. T.; Banaszak Holl, M. M.; Suezer).SAm.
(4) Fadeev, A. Y.; McCarthy, T. Langmuir200Q 16, 7268. Chem. Soc2002 124, 6800.
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(mostly GgH37SiHz) with different metal oxide powders. The  Table 1. Properties of Metal Oxides and Supported SAMs of
structure of the monolayers and the reaction mechanism areCeHarSits

discussed. rate constant grafting density
of SAM formation of C15-SAMS, v(CH,),
Experimental Section metal oxide IEP (25 °C), L/mol+h group/nm? cm~?
General Information. Solvents (HPLC grade) were purchased from MgO 124 n/d 4.84:0.05 2918
. - NiO 10.3 134t 55 4,91+ 0.15 2920
Aldrl_ch. Octadecylsilane was purchased _ from Ge_lest and used as »,5 9.2-10.3 82+ 1.72 4924005 2916
received. Infrared spectra were obtained with a Perkin-Elmer Spectrum ,-A|,05 8-9.6 10.6+ 1.2 433+ 005 2920
One FTIR instrument with DTGS detector (reflectance mode affgle ZrO monocl. 7-10 22.6+2.3 474+ 0.05 2918
of incidence, 100 scans, resolution 4 ¢ Hydrogen analysis was Fels 6.7 22.4+ 2.3 4.82+£0.05 2916
made with an Agilent GC equipped with an RTX M sieve 13X column ~ TiOzrutile 6-8 155445 4.85£005 2916
(30 x 0.53 mm i.d.x 1.0um film thickness) operated isothermally at ;I\'/:(())éanatase 228 égei ég jggi ggg ggg
40 °C for 5 min, inlet temperature of 200, a thermal Conductivi.ty W033 o beLoe 4750018 2920
detector temperature of 30, and a column flow of 1.2 mL/min. average= 4.75+ 0.08
Chemical analysis of supported SAMs was performed by Schwarzkopf
Microanalytical Lab (Woodside, NY) using the ASTM method. Grafting
density p, group/nni) of the SAMs was calculated using the formula: ~* S
0.1 a
|
6 x 10°(%C) 1 s
p= : @ 2 gl
[1200 x nc — MW x (%C)] SBET) - s ==
| 3
~ !

~ 3300
- 923

MW is the molecular weight of the grafted group, is the number of
carbon atoms in the grafted group, %C is the weight carbon percentage
in the sample, an&BET) is the BET (N) surface area of bare metal
oxide (n¥/g). 2°Si SS-NMR (solid-state NMR) experiments were
performed on a Bruker DSX-400 NMR spectrometer. THeand?°Si
resonance frequencies are 400.1 and 79.5 MHz, respectively, at this
magnetic field strengtiH/?°Si CPMAS experiments were performed
using a Bruker double-resonance, variable-temperature CPMAS probe
and a standard variable-amplitude CP pulse sequence using a 2.0 ms
contact time29Si pulse-acquire experiments utilized a standard pulse- 3600 2000 o 1000

acquire sequence. For &1B5i spectra, 4k of data points were acquired Figure 1. Difference IR spectra obtained for TiCfanatase) after the
in 60 ms and then zero-filled to 8k before transformation using 100.0 reaction with GeHs7SiHs (b) and IR spectra of liquid H7SiH; (a).

Hz of line broadening. Recycle delays for all experiments were 2.0 s. L.
zo "9 Y ‘ xper W of ~20—22 A2, which is ~10—15% greater than the crystal-

Rotor frequency was 3.0 kHz. AdPSi spectra were referenced to TMS . Al o
using Tetrakis as a secondary reference. lographic projection of the poly(ethylene) chain in crysfals.

Metal Oxides and Their Reaction with OctadecylsilaneThe list High values of grafting density indicate the formation of
of metal oxides is presented below. Information about vendor, purity Closely packed organic monolayers and suggest ordering in the
of metal oxide, and BET surface area is given in parentheses. MgO monolayers. The order in the SAMs of4E3;SiH; was
(Aldrich, >99%, 41 ni/g); ZnO (Aldrich, 99.999%, 8 fig); Al:Os demonstrated by the position of the gktretching. For well-
(Aldrich, >99.99%, 41 mg); Si0, (Cabot, 99.9%, 150 fg); TiO. ordered SAMg2the CH stretching is close to that of crystalline
(Aldrich, >99.9%, rutile, 2.5 I#g); TiO, (Aldrich, >99.9%, anatase,  alkane ¢, ~2915-20 cnTl), while for disordered structures it
11 n¥lg); Zro, (Ma%;‘/es'“m Electron, 99.99%, 17;§)? MoO; is close to that of a liquid alkaf®(va ~ 2924-28 cntl). The
(Aldrich, >99%, 0.7 m/g); WO, (Aldrich, >99%, 1.6 n/g); FeOs data in the table show that(CHj) is in the range 29162920
(Aldrich, 99.998%, 14 r#ig); NiO (Aldrich, >99%, 0.5 n/g). Surface ReR KCH,) Y

) ) cm™1, indicating the formation of well-ordered SAMs for all
area measurements were performed with a Coulter 100CX instrument . .
metal oxides studied.

using low-temperature nitrogen adsorption. BET surface areas were : L .
calculated assuming the cross section for nitrégena(N,) = 13.5 The chemical bonding in the SAMs was characterized by

o
-
-
«~
!

A2 FTIR and?°Si NMR spectroscopy. After being reacted with
The reaction of metal oxides with octadecylsilangstG-SiHs) was C1gH37SiHs, all metal oxides showed very similar IR spectra.
carried out following the procedure described in ref 12. The major difference was in band intensities due to differences

in the surface area and optical properties of metal oxides. Figure

1 shows a typical difference IR spectra obtained by the
Structure of the Monolayers of CygH37SiHz Supported on subtraction of the bare metal oxide spectra from the spectra of

Metal Oxides. Table 1 shows data for maximal grafting the metal oxide reacted withgHs7SiHs. The following features

densities for the surfaces prepared by the reactiongfi$z . S R Whitesides G M- Tidswell 1 M- Ocko B. V.- Perch
SiH; with different metal oxides. All surfaces show high grafting ) P/a8Seiman S, R ttesdes, & R rrr gasy o o B- M- Pershan

density around~4.5-5 group/nm. Grafting densities in this ~ (18) Gao, W.; Dickinson, L.; Grozinger, C.; Morin, F. G.; Reven}angmuir
) 1996 12, 6429.
range have been reported for the SAMs qgHz;SiClz and (19) Bain, C. D.; et alJ. Am. Chem. S0d989 111, 321.

)
CigH37P(0)(OH) on metals and metal oxidé§18 CygH37SH (20) Baker, H. R.; Shafrin, E. G.; Zisman, W. A.Phys. Cheml952 56, 405.
19 X . (b) Levine, O.; Zisman, W. AJ. Phys. Chem1957, 61, 1069.

on gold}® and LB films of fatty acids and alcohols supported (21) Nyburg, S. C.: Luth, HActa Crystallogr.1972 B28, 2992.

i i (22) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.Am. Chem.
on solid surfaces? Molecules in these SAMs ocCupy an area S0c.1987 109, 3559. (b) Parikh, A. N.; Leidberg, B.; Atre, S. V.; Ho, M;
Allara, D. L. J. Phys. Chem1995 99, 9996.
(16) Jelinek, L.; Kovés, E. sz.Langmuir1994 10, 4225. (23) Snyder, R. G.; Straus, H. L.; Elliger, C. A.Phys. Cheml982 86, 5145.

Results and Discussion
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Figure 2. Difference IR spectra obtained for the reaction @H&SiH3 vapors with ZrQ dried at 100°C. (b) After contact with silane vapors at 26 for

30 min; (c) sample 2 after evacuation at 20 orr for 30 min; (d and e) after contact with silane vapors at@%or 3 and 12 h, respectively. (a) Transmission
spectra of liquid @H17SiHs.

were present. The negative bands at 3698500 (broad), and  the reaction speeded up significantly and new bandsla00-
1630 cnt! were stretching and deformation vibrations of 1000 ¢(Si—0O) in Si—O—Si) and~3300 cn1! (¥(OH) in Si—
adsorbed water. OH) appeared in the spectra, evidence of the hydrolysis and
The narrow band~3690 cntl) was assigned to the stretching condensation of RSik
of free OH groups from water molecules H-bonded to electron  As the reaction progressed, the 3300~¢érband decreased
acceptor groups (e.g., HO—H---0).2425> The broad band  and the 11081000 cnt! band increased, indicating condensa-
centered at~3500 cnT! was assigned to the stretching of the tion of silanols with the formation of siloxanes. It is noted that
H-bonded OH groups of adsorbed water with the deformation this condensation did not go to completion. The broad band at
mode at 1630 cm'.2426 Disappearance of these bands from 3300 cnT! (H-bonded silanols) and a narrow band at 3745tm
the spectra indicated the removal of molecular water from the (isolated SiOH3%27 indicated the presence of noncoupled
surface due to the reaction withigEl37SiH;. The bands at silanols (S+OH) even in the monolayers with the close packing
~2920, 2850 ¢(CH,)), and~1470 cn! (5(CH,)) were from of alkyl groups ¢4.5 group/nr) (Figures 1 and 2).
n-octadecyl groups. An intense broad band with a complex The presence of both hydrogen-bonded and isolated silanols
structure at~1100-1000 cnt?! argued for the formation of a  in the monolayers can be rationalized by steric considerations.
siloxane species (SiO) on the surface. In our previous wo'k, In earlier works?®~32 it was proposed that siloxane (SD—Si)
these bands were assigned to a siloxane network@SiSi) cross-links played an important role in the stabilization of
supported on the surfaces of the metal oxides. It is noted thatmonolayers of alkyltrichlorosilanes. An idealized structure of
the bands at-920 (©(SiH)) and~2150 cnt! (¥(SiH)) were the SAM with the Si atoms located in a hexagonal array and
not present in the spectra, indicating complete hydrolysis of the connected via siloxane linkages is shown in Figure 3B. The
SiH groups of GgH37SiH3 yielding SiO and SiOH. alkyl chains (not shown in the figure) were directed perpen-
In-situ IR studies provided details about the reaction of RSiH dicular to the plane of the siloxane network. The structure shown
with surfaces. Figure 2 shows the evolution of the difference in Figure 3B, however, would be too constrained due to the
IR spectra as gH;7SiH3; vapor reacts with hydrated ZgOThe steric repulsion between alkyl chains, which was pointed out
reaction started with the adsorption of octylsilane and its in refs 28, 31, and 32. The maximal length of the-6i—Si
interaction with the adsorbed water, probably via H-bonding. bond is 0.32 nm (for thé]Si—O—Si 18C), which is notably
This appeared in the spectra as a decrease of the 369D cm smaller than the van der Waals diameter of the alkyl chains
band (free OH groups of water) and a redistribution of the (~0.46 nm). Hence, the formation of an ideally packed cross-
intensities in the 35083400 cn1?! region (H-bonded water).  linked monolayer shown in Figure 3B is hardly possible because
The chemical reaction between silane and surface water,of the space requirements. We believe that the closely packed
hpwever, was quite slow at room temperature, qnd the adsorpeci(27) McDonald, R. SJ. Phys. Cheml958 62, 1168. (b) Hair, M. L.Infrared
silane could be completely removed by evacuation after 30 min Spectroscopy in Surface Chemistiarcel Dekker: New York, 1967.
of the adsorption (Figure 2c). At elevated temperature®@h 883 E,Ienisail,‘ 2:;Iri{gghcét%r?nt%mglltrr;?r%% 7(‘)r593;12n'ic Films Academic Press:
(24) Sidorov, A. N.Opt. Spectroscl96Q 8, 51. (30) %gﬂlgr? ig?\ll Allara, D. L.; Azouz, |. B.; Rondelez, B. Phys. Chem.
(25) Tretyakov, N. E.; Filimonov, V. NKinet. Catal.197Q 11, 989. 1994 98, 7577.

(26) Kiselev, A. V.; Lygin, V. l.Infrared Spectra of Surface Compounds and  (31) Rye, R. RLangmuir1997 13, 2588.
Adsorbed MoleculesNauka: Moscow, 1972. (32) Stevens, M. J.angmuir1999 15, 2773.
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Figure 3. The proposed structures of alkylsiloxane SAMs. Amorphous structure (A) consists of the molecules bonde®vi&iSind Si-OH---HO—Si
bonds. Crystalline-like structure (B) has “extended™6i—Si bonds, proposed in refs 282. In both cases, the SAMs are additionally stabilized by the van
der Waals interactions between alkyl chains (stretched perpendicular to the plane, not shown).
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Figure 4. 2°Si NMR spectra: @H3;SiHz monolayers supported on Ti@a); MgO (b); AbOs (c); octacyclopentyl-T8-silsesquioxane (reference for Si
O-Si) (d); and ZrSiQ (reference for metalO—Si) (e). Spectra-ac utilized CPMAS, 20k acquisitions. Spectra d and e utilized pulse-acquire; both spectra
had 128 acquisitions.

SAMs form an ordered yet amorphous film with a significant SS-NMR data were in good agreement with the FTIR data
number of the uncoupled SOH groups that interact with  and also supported the formation of an amorphous free-standing
neighboring SiOH groups via hydrogen bonding as shown in siloxane film, which is not directly bound to the surface of metal
Figure 3A. The presence of the-SDH groups in the monolayer  oxides. The?°Si CPMAS spectra for SAMs supported on
will provide the required space for the alkyl chains, as the different metal oxides (Figure 4&) were similar to each other
maximal length of the StOH---HO—Si sequence of bonds is  and displayed a broad peak (centeree-60 ppm) with possibly
~0.6 nm. The whole integrity of the structure shown in Figure two unique?°Si sites. The spectrum from a solid reference of a
3Ais provided by a system of hydrogen bonds{SH:--HO— Si—O—Si linkage (solid T8-silsesquioxane, Figure 4d) displayed
Si and, perhaps, MOH---HO—Si) and van der Waals inter- two sharp?°Si peaks {64 and—68 ppm) representing two
actions between the alkyl chains. The structure in Figure 3A is distinct crystallographié®Si sites in a crystalline materiét The
supported by the X-ray diffraction studywhere the Gz SAMs spectrum from the solid reference of an—®—Si linkage
were shown to form a distorted hexagonal lattice with no long- (33) Tidswell, I. M.; Rabedeau, T. A.; Pershan, P. S.; Kosowsky, S. D.; Folkers,
range order and an area per molecule of 2022 A J. P.; Whitesides, G. MJ. Chem. Phys1991, 95, 2854.

7598 J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004
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Scheme 1. Hydrolysis of RSiH3, the Key Step in the Surface
Self-Assembly, Is Catalyzed by Water Adsorbed on Acidic or Basic
Centers (Lewis or Bronsted) on the Surface

displayed one shadsSi peak ¢ —80 ppm for Z.-O—Si, Figure

4e) representing one crystallograpR?Si site in a crystalline
material. Comparing chemical shift values of the bound Si
spectra to solid references, it was clear that the SAMs o 3, 1
ggcemonstrateq SiO—Si linkages and no .81:O—M linkages. The Mo, Ms— o, H HS—R _,% /\Si_R . % \O—/Si—R

Si peaks in the SAMs were significantly broadened as = * % H

compared to the standard solid -%)—Si and M—O-Si

reference spectra. This peak broadening is most likely due to ?
the amorphous character of the silicon atoms in the SAMs. '
Amorphous materials yield broad SS-NMR peaks due to the two distinct first-order processes. The initial process (rate

distribution of |sotr(_)p|c peal_<%5. . constantk;) is a relatively rapid growth in grafting density
The data on grafting density (Table 1), along with the spectral ¢, 1owed by a slow period (rate constakt~ 0.01-ky), during

changes observed by FTIR and NMR spectroscopy, suggesteq,hich syrface coverage approaches its final value. The uptake

that the major product of the reaction ofgbs7SiH; with the curves were approximated by two exponential functiofé,
surface was independent of the nature of metal oxides and_ 1 — qeMCt — gekCt wherea + 8 = 1, 0 is the grafting

presgnted densely pac_ked amo_rphou_s alkylgiloxane networksdensity at timet, 6o is the maximum grafting density, ar@lis
stabilized through “horizontal” SiO—Si and S+-OH--*HO— 4,4 ¢oncentration of GHs:SiHs in solution. The parameteks,
Si bonds (Figure 3A). Although the integrity of these SAMS i . 4 were obtained through a curve-fitting procedure. The

mostly determined via lateral interactions rather than through ;i constants of the initial process of the monolayer growth
bonding to the substrate, the stability of these surfaces is (k) are shown in Table 1.

impressive. The hydrolytic stability of the;8H37SiH; SAMs
supported on Ti@and ZrQ was reporte#f to be in the range
of pH 1-10 at 25°C, and the thermal degradation of these
SAMs did not start until 186200°C (in air) and~300°C (in

Analysis of the kinetic data in Table 1 demonstrates that (1)
there seems to be no correlation between the reaction rates and
the IEP of metal oxides, and (2)£13;SiHz reacts with all metal
No) 12 oxides at comparable rates, yielding organic surfaces of the same

2- ) ) ) quality. Not all solids, however, react with;§137SiHz;. We

Mechanism of Self-AssemblyThe reaction of GgHs7SiHs found that fume silica (aerosil) and silica gels, carbon black,

with hydrated metal_ oxides produces hydrogen gas. A_bout 3 and organic polymers (poly(ethylene), poly(ethyleneterephtha-
mol of hydrogen (H) is released per mole of graftedgzhain. late), and others) do not react withd83;SiHz. No grafting of
In our previous work this was demonstrated for TjOIn this alkylsilane to the surface or release of hydrogen was detected
work, it was proven for all metal oxides listed in Table 1. The gyen after an extended reaction time. On the basis of the activity
stoichiometry 3:1 agrees with the complete hydrolysis eHer- of different surfaces, we concluded that only metal oxides with
SiHz during the reaction with metal oxides. We found, however, onic character are active in the reaction Withels;SiHs. The
that GgH37SiH; showed virtually no hydrolysis by air moisture  resence of unsaturated metal ions, hydroxyl groups, and oxygen
or wet organic solvents under the reaction conditions employed. 5hions determines the presence of strong -abise centers
From organosilicon chemistry, it is known that hydrolysis of (Lewis and Bimisted) on the surfaces of metal oxidé45We
the Si-H bonds in alkylsilanes requires a catalyst, typically acids pgjieve that the reaction of hydrolysis, the key step in the
and based’ reaction of RSiH with the hydrated surfaces, is catalyzed by
To evaluate the role of the metal oxide, we investigated the acidic or basic centers on the surface (Scheme 1). The reaction
kinetics of the reactions of fHs7SiHs with metal oxides  mechanism includes hydrolysis of3;SiHs by surface water
spanning the range of surface acidity and basicity. The-acid followed by assembly of GH3/Si(OH) into a cross-linked
base properties of the metal oxides were characterized by theirsjloxane network (StO—Si and Si-OH--HO—Si linkages)
isoelectric points (IEF§ (Table 1). The kinetics of the surface supported by the surface of the metal oxide.
reactions was studied at room temperature using two tech-  The mechanism proposed above is similar to that proposed
niques: (1) directly by measuring the amount of igleased for the self-assembly of RSigbn hydrated surfacé$-° It is
during the reaction, and (2) indirectly by chemical analysis (C,H) noted, however, that there are at least two fundamental differ-
of the metal oxides reacted with1s;SiHz over a certaintime  ences in the self-assembly of RSj@nd RSik: (1) the role
period. The results obtained by these two techniques wereof solid and (2) the role of water in the reaction. In the case of
essentially the same. The kinetic data were characterized byrs;jc, the nature of the solid seems to be irrelevant as long as
the substrate provides a hydrous interface for the reaction. SAMs
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of the same quality can be prepared on such different surfaces
as silica3® mica2841gold/*2 and OH-terminated organic mono-
layers® In the case of RSil the nature of the solid is critical
because it participates in the reaction as a catalyst. Only solids
with acidic or basic sites on the surfaces are active. Next, BSiCl
is readily hydrolyzed by water in solution and by atmospheric
moisture. The excess of water in the reaction system causes
uncontrollable polycondensation of trichlorosilanes and affects

(44) Contescu, C. I.; Schwarz, J. A. Atid—Base InteractionsMittal, K. L.,
Ed.; VSP: New York, 2000; Vol. 2, pp 2458271.
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the quality of the SAMs. Opposite to RSKCRSiH; (for R > with Ti(OC;Hs)4 greatly increases its activity. We also found
Cs—Cy) are quite stable and show little or no hydrolysis or that the reactivity of organosilicon hydrides greatly increases
oxidation (at room temperature) when exposed to air or with temperature. For example, silica became active in the
moisture'? Moreover, we have found that an excess of adsorbed reaction with GgHs7SiH3 at ~180°C. The SAMs obtained at
water inhibited the self-assembly of RSiHThe reaction of high temperatures, however, were characterized by lower
RSiH; with metal oxides saturated with water vapors produced grafting densities{3—3.5 group/nm) and a lesser order than
organic surfaces of very low grafting density@.5 group/nr). SAMs obtained at room temperature.
This can be explained by a polymolecular layer of adsorbed  \ye point out that the hydrolytic self-assembly studied in this
water which blocked the acidic and basic centers of the metal gk s, perhaps, the most common, but not the only, pathway
oxide preventing hydrolysis and, hence, the self-assembly of for the reaction of RSikiwith surfaces. RSiblalso reacted with
RSiHs. ] ) _ . rigorously dehydrated metal oxides that contained no adsorbed
Covalent metal oxides and solids, like silica, carbon, and yater12 we believe that these reactions involved the oxidation
organic polymers, show surfaces with homopolar character and RSiHs into RSi(OH), by chemisorbed oxygen. Silanes with
exhibit rgther V\{ealf agidbase properties as compared to the gmall or with no organic group (Sik SibHs, CHsSiHs, etc.)
metal oxides with ionic charactét* The absence of strong  eact with surfaces via decomposition of silanes and formation

Lewis and Brmisted centers explains the low activity of these ¢ gilicon oxide films, which is widely used in CVD technolo-
solids in the reaction with RS In general, the strength of gies*s

surface acids is determined by the chemical nature of the metal To conclude, self-assembly of RSjHoN the surface of

ion (electron ivi har nd siz nd the local ar- . .
f:rggenggnetgtoc:‘ tﬁ%a;tomsiciogrgi'n;ignsnl?r)nt?eg' thswg\(;Zr ano hydrated metal oxides is catalyzed by the water adsorbed onto
! ' .~ acidic and basic sites (Lewis and Bisied) of the metal oxide.

guantitative scale for the acidity of solids is available. We found The maior broduct of the reaction presents a denselv packed
no correlation between the reaction rates (or any other properties jor p P yp

of SAMSs) and the acidic or basic properties of the metal oxides I('N4c.1565 gl:]r:)upls/nsr_fga_rgc_)rphgug_al(l;ﬂil'lagfgnﬁtw%rk Sta:"
as assessed by the IEP d¢ of surface OH group$ 7 This Iz€ 'E/daberti ’ ' _Ia_?] '; iic rol f![h on I% ant h
is not surprising as it probably reflects the fact that neither the supported by e surtace. 1he catalytic role ot tne Solid se's the
IEP nor the . completely characterizes the aeidase reaction of RSiH apart from the surface reactions described

properties of the surfaces. For instance, the IEPs of silica andpreviously, for example, SAMS of RSIGIRSH, RP(O)(OHj,

titania (anatase) have close value®}, but titania readily reacts and others. The unique activity of the aeilase surfaces in

with RSiH; at room temperature and silica does not. The activity the refactglon 'WItIT RhS|t;1can be used f(;r the selective mOd,'f'Ca' q
of titania is explained by the Lewis acid centers present on the tion of chemically heterogeneous surfaces, nano-patterning, an

surface. Doping of the silica surface with titania by reacting other applications.
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