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Université Claude Bernard LYON I, 43 Boulevard du 11 Novembre 1918-Bât 303,

69622 Villeurbanne Cedex, France, Laboratoire des Matériaux Macromoléculaires-UMR CNRS
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Monofunctional alkylsilanes, CH3(CH2)n-1Si(CH3)2R with n varying from 4 to 30 and the hydrolyzable
group R ) Cl or N(CH3)2, were deposited on quartz slides and on nanometric silica. Due to the presence
of only one hydrolyzable group for these alkylsilanes, silane monolayers result from the grafting process.
Two methods for silanization were considered: deposition from a solvent (derived from Sagiv’s process)
and vapor phase deposition (derived from Kovats’s process). In vapor phase deposition, the physisorbed
water is mainly removed from the surface during the conditioning of the specimens, whereas this is not
the case for the solvent method. In addition, the two deposition processes do not take place at the same
temperature: the silane needs to be heated under vacuum for the vapor deposition method, whereas the
reaction takesplaceat roomtemperature for the solventmethod. Characterizations of thegraftingefficiency
and of the structure of the grafted layers were performedwith different techniques including contact angle
measurements, crosspolarizationmagicangle spinning 29SiNMR,andgaschromatography. Thecomparison
between the two methods of deposition showed that the grafting process has a great influence on the
resultingmonolayers. Byconsidering thewettingbehavior,wecanevidence that silanemonolayersdeposited
from a toluene solution are less well-ordered than those resulting from the vapor phase method. In fact,
the choice of the solvent for deposition is crucial. This effect is due to the competition between the solvent
and the silanemolecules to reach the silica surface. This competition, which infuences the packing density
of the grafted layer, is dependent on the polarity and the shape of the solvent molecules and on the
deposition process.

Introduction

Modification of hydrophilic substrates by grafting
organic chains with controlled structures is of great
importance in science and industry. Organosilanes, in
particular functionalized molecules (e.g., amino, vinyl,
epoxy, or chlorosilanes), are used extensively for generat-
ing organic layers on silica substrates. They provide a
wide field of applications from biosensors for antibody
immobilization1 to lubricants.2 Silanesalso findextensive
applicability in thepreparationof bondedphases for liquid
and gas chromatography.3 Adhesive and mechanical
properties of the glass fiber/polymermatrix interface can
be improvedbyadditionof theappropriate silane-coupling
agents.4,5 Because of theirwidespreadapplications, there
is a lot of research on theunderlying reactionmechanisms
in the modification process involving silanes. A funda-
mental understanding of these mechanisms can lead to
an improvement of known applications and the develop-
ment of new ones.

Chemical surface modification may be defined as the
chemical bonding of molecules or molecule fragments to
a surface in order to change its chemical or physical
properties in a controlled way. The properties imparted
by thesilaneare closely linked to theselectionof theorgano
group and to the nature of the bond to the surface. If a
chemical modification procedure is to be selected, the
desired coating morphology is of main concern. The
coating morphology includes the type of interaction
between the coating layerand thesurface (relativebalance
between physisorption and chemisorption), the modifica-
tion density (molecules per surface unit), the orientation
of the molecules on the surface, and the layer thickness.
The organic solvent and the vapor phase modification
procedures are commonly used in silane technology.
In the vapor phase process, a direct reaction of the

organosilane with the surface hydroxyl groups forms a
strong siloxane Si-O-Si surface bond. The oxygen atom
of the surface hydroxyl group attacks the silicon atom of
the alkylsilane as follows:

But this reaction is generally performed at very high
temperatures (>300 °C), limiting thenumber of silanizing
agents to those which have a high thermal stability and
sufficient vapor pressure.6,7 Thus, the more common
approach is to perform the silanization in a solvent at
room temperature. Themaindrawback, in these solution
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reactions, is the poorly reliable structure of the resulting
films. This variability is due to thewatermoleculeswhich
are physisorbed at the surface. The processes involved
can be described as follows:

In the first step, the organosilane ishydrolyzedbywater
which is either preadsorbed on the surface or present in
the solvent (reaction2). In the secondstep, thehydrolyzed
silane is adsorbed via hydrogen bonds and can react with
the surface silanol groups at the surface to forma siloxane
Si-O-Si bond (reactions 3 and 4). The HX species can
also catalyze the hydrolysis and silanization of silanes. In
fact, thebalancebetween these two chemicalmechanisms,
i.e., the kinetics of grafting, is dependent on the pH of the
solution (basic or acidic medium).8 For example, the
hydrochloric acid, which corresponds to theHX species in
the case of chlorosilane, favors the hydrolysis mecha-
nisms.9 In the absence of water at the silica surface, it
has been shown that no reaction between the alkylchlo-
rosilane and the silica surface occurs in solution at these
low temperatures.7,10 However, as reportedbyMcGovern,
if a small amount of water is necessary for hydrolysis of
the chloromoieties of the silane in the bulk solvent phase,
too much water needs to be avoided to prevent the
condensation between silanes located on top of the water
monolayers.11 In the latter case, the silane layer caneasily
be floated off.12 As an example of the important role of
water on the grafting process, Le Grange observed using
FT-IR spectroscopy that silane molecules can react with
a partially hydrated surface suggesting that some of the
silane groups are bonded to the surface.13
The cleaning procedure used prior to the silanization

of the substrates is another crucial parameter involved in
the variability of the grafting and structure of the layers.
McGovern et al. give plenty of experimental details
concerning the cleaning process needed to obtain non-
contaminated and reproducible surfaces.11 They showed
that (highly) reliablemonolayerswereproducedwhen the
solvents used were able to extract water from the glass
surface and induce the hydrolysis of the chloro moieties
of silane. Child et al. have also investigated the effect of
the solvent (nature-polarity) on adsorption behavior.14
Tripp showed that 70%of the trimethylsilanol reactswith
the surface silanol groups to form a siloxane bond; the
remaining 30%, attributed to weakly adsorbed species,
was removed from the surface silanol groups by curing.10
Silberzan et al.12 concluded that room temperatures favor
grafting, and Brzoska et al.15 confirmed the existence of

a transition temperature below which layers of a high
order can be obtained.
Theaimof thispaper is to evidence the chemicalbonding

between alkylsilane molecules and a silica surface. The
grafting of monofunctional organosilanes (chloro- and
aminosilane) on a silica surface is investigated. As the
functionality of the silanes is equal to that of the silanol
groups, the silane-silica interactions are simplified and
the interface interactions canbemodeledsincemonolayers
are formed. This paper is devoted to a comparative
investigation of somebasic structural features for grafting
silanemonolayers using a solvent or vapor phasemethod.
The solventmodificationallowsus to investigate the effect
of the solvent on the silanization of glass substrates. The
effect of activation before grafting the substrates is also
considered because the silica surfaceswere treated at 140
°Cunder vacuumduring the vapor phase process in order
to remove physisorbed water, whereas that was not the
case for solvent process.
Contact angle measurements were performed in order

to characterize the hydrophobicity, the structure, and the
continuity of the grafted monolayers onto silica. The
chemical bonding between the alkylsilanes and the silica
surfacewas checkedby 29Si cross-polarizationat themagic
angle (CP/MAS) NMR spectroscopy. Furthermore, the
grafting density was determined on quartz by chroma-
tography and was correlated with the grafting ratio
measured by elemental analysis on nanosize silica.

Experimental Section
Chemical Reagents. The alkylchlorosilanes used have the

structure CH3-(CH2)n-1(CH3)2Si-Cl with n ) 4, 8, 18, and 30
(denotedC4, C8, C18, andC30, respectively) (fromRoth Sochiel)
and were used without any further purification (purity > 97%).
The aminosilane CH3-(CH2)17-Si(CH3)2N-(CH3)2 was used as
received from Chemical Ueticon (Switzerland, purity > 97%)
All of the used solvents were of analytical grade and obtained

fromAldrich. Tolueneandcarbon tetrachlorideweredriedbefore
use.
Silica Surfaces. Depending on the characterization tech-

nique used organosilanes were deposited on quartz slides (50 ×
15 × 2 mm3; from Verres & Sciences Technol.; Ra roughness
estimated at 7Å) and pyrogenic silica particles (Aerosil 200 from
Degussa) having a diameter of 7 to 12 nm and a specific area
(measuredbynitrogenadsorption) of 200(25m2‚g-1. According
to the high value of the specific area, the grafting density can
notbeeasily compared to thatobtainedonquartz slides, especially
for the largest molecules. This type of silica was considered in
order to verify the ability of the silanes to be grafted.
The cleaning and the hydroxylation of the silica surface are

of importance in the grafting process. Quartz was degreased
under ultrasonic stirring with acetone first and in methanol
thereafter. The samplewasdipped inahot sulfochromic solution
(120 °C) for 15 min, and the substrates were then rinsed with
purifiedwater and blownwith dry nitrogen. For silica particles,
a long dipping time (160 h) in an aqueous solution (pH) 6) leads
to hydrolysis of the surface siloxane groups. Thus, in order to
determine the number of silanol groups per unit surface (area),
the silica was first treated with a solution of triethylaluminum
in heptane according to the following reaction scheme:

The volume of released ethane was then measured. A blank
measurement with pure heptane was performed to eliminate
the contributionofheptanevapor (solventof triethylaluminum).16
The results are given in Table 1.
GraftingProcesses. Vapor PhaseMethod (Figure 1). After

the cleaning procedure, the silica surfaces were dried at 140 °C
under vacuum (0.2 Pa) for 2 h to remove the physisorbed water.
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Forplanarsubstrates, bothpuresilaneswithshortalkyl chains
(from C4 to C8) and pure aminosilane were introduced in a
nitrogen atmosphere, whereas the long chain silanes (from C18
to C30) were dissolved in a dry toluene solution before introduc-
tion under nitrogen atmosphere.
For silica particles, all the silanes were used in isopentane

solution which ensured a good wetting of the silica surface.
In all the cases where a solvent was used, it was removed

under vacuum. The condensation reaction on the silica sample
was performed in sealed vessels under vacuum for 48 h at 70 °C
for the short silanes, at 100 °C for the octadimethylchlorosilane,
and at 140 °C for the longest alkyl chains.
For planar substrates, the excess of silane was eliminated by

washingwithTHF, followedby a further extractionusing xylene
at 150 °C for 20 min. The substrates were then blown with dry
nitrogen. For the silica nanoparticles, the stability of the silane
bonded to the surface was ascertained by Soxhlet extraction of
themodified supports inTHF for 2 h. The treated particleswere
then filtered and dried in air.
Solvent Method. Clean silica substrates were immersed in a

solution ofn-alkyldimethylchlorosilane (0.02M) in dried toluene
for 15 min (Figure 2). The reaction took place at room
temperature under ultrasonic stirring and under dry nitrogen.
Due to the poor solubility of C30 in toluene at room temperature,
the reaction was carried out in dry toluene at 60 °C.
Theweakly adsorbed silanemolecules and/or thedimers (from

the self-condensation of two silanesmolecules) were removed by
aSoxhlet extraction for 2 husingmethanol. This extractionwas
followed by drying under nitrogen and storage under dry air to
remove the solvent.
Contact Angle Measurements on Planar Substrates.

Due to the hydrophobicity of the silanized surface in comparison
to the untreated ones, the contact anglesweremeasured at room
temperature using the sessile drop method. A video camera
equippedwith a homemade image analysis device visualized the
shape of the drop and gave the contact angle between a given
liquid and the silica surface. The reported contact angles, θ, are

the average value of at least 10 drops for each surface treatment
of the silica substrate for a given liquid. The standard deviation
givesanestimationof themacroscopichomogeneity of the surface
structure for each sample.
The measurements were performed with distilled water in

order to underline the hydrophobic character of grafted layers.
The relationships between the contact angle θ and the surface
energyof graftedsilicawasobtainedbyapplyingFowkes theory.17
For this purpose, a dispersive test liquid, the diiodomethane,
was used.

29Si NMR CP/MAS. Solid state 29Si NMR spectra were
obtained using a Brucker AC-200 NMR spectrometer operating
at 39.73MHz. All the spectrawere obtainedwith a contact time
of 12ms. TheNMRallowedus to semiquantitatively determined
the number of grafted molecules per surface unit, τ (i.e., the
grafting density), defined as18

where [g] is silane concentration and [SiOH] the silanol con-
centration after grafting.
It shouldbenoted that only silanemolecules covalentlybonded

to the surface (chemisorbed) are considered when using NMR.
The physisorbed species solely immobilized by van der Waals
interactions or hydrogenbonds are not taken into account. Such
molecules can be removed from the surface by washing. Ac-
cording to the literature, theQ3 andQ2 resonances are associated
with the silicon atoms carrying hydroxyl groups (monosilanols
and the disilanols, respectively). These silanol groups can
interact with the unreacted silane molecules adsorbed on the
silica surface. The resonance Q4 at 110 ppm is associated with
the silicon atoms in the silica network (-Si-O-Si-). According
to the NMR procedure used in this work, the resulting grafting
density cannot be considered as quantitative, and the accuracy
of the measurements is estimated to be about 4-5%.
Gas Chromatography (GC). This method3 is based on the

openingof the siloxanebondunderacidic conditions (hydrofluoric
acid, HF, was used in the present case) according to the reaction
scheme:

This reactionwasperformedwith 2.5mLof a 40%HFsolution
and 0.2 mL of concentrated H2SO4 in a Teflon beaker; 3 mL of
an organic phase was added to extract the fluorosilane. This
phase was used as an internal standard.
After extraction, the fluorosilane was analyzed by gas chro-

matography using a GC6000 Vega series 2, with an on-column
injection system fromCarloErba Instruments. This systemwas
equippedwith a capillary column filledwith anSE30 stationary
phaseanda flame ionizationdetector. The resultswere recorded
using a Spectra Physics SP 4400 integrator.
For quantitative determinations, a reference solution of the

grafted reagent and an internal standard which is an alkane
with a molar mass close to that of the fluorosilane are required.
Themass of fluorosilane is calculatedaccording to the expression

wherewF is the total mass of fluorosilane,AF the area under the
peak of the fluorosilane, we the internal standard mass, and Ae
the area under the peak of the internal standard. w′F, A′F, and
we′ are the corresponding values for the reference solution. The
coverage density, Σc, of grafted alkyl chains is defined as

where S is the quartz area and ww is the molar mass of the
fluorosilane. The real area (including roughness)was considered
instead of the geometric one.

(17) Fowkes, F. M. Ind. Eng. Chem. 1964, 56 (12), 40.
(18) Pétiaud, R. J. Chim. Phys. 1994, 91, 895.

Table 1. Determination of Hydroxyl Groups on Bare
Silica by Reaction with Triethylaluminum

silica treatment Σsilica
OH (nm2)

nonhydroxylated silica 1.90
hydroxylated silica 4.45
hydroxylated and thermally treated silicaa 3.43
a Thermal treatment: at 140 °C for 2 h under vacuum (0.2 Pa).

Figure 1. Vapor phase deposition device.

Figure 2. Solvent deposition device.

τ )
[g]

[g] + [SiOH]

Si O Si (CH2)nCH3
HF

SiF (CH2)nCH3  +  H2SiF6

wF ) (AFweA′ew′F)/(AeA′Fw′e)

Σc ) wF/(Sww) (silane molecules nm
-2)
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Elemental Atomic Analysis Measurements. From the
atomicpercentageof carbon, thegraftingdensity canbecalculated
using the following equation

where A is the specific area of the bare silica, nc the number of
carbon atoms,Mw the molar mass of the bonded moiety, and Pc
the percentage of carbon for the grafted silica. These measure-
ments also take into account the traces of carbon from the
physisorbed solvent molecules. As a consequence, the grafting
density could be overestimated.

Results and Discussion
Influence of Silane Structure on Grafting Ef-

ficiency. Influence of Chain Length. As reported in
Figure 3, the contact angle for the silica surface modified
by the solvent method varied as the length of the alkyl
chains increased. Inversely, the wettability of the mono-
layers obtained by the vapor phase method was quite
independent of the chain length, in agreement with the
results reported in the literature.19 For the longer alkyl
chains, the contact angles with water were constant
regardless of the graftingprocess,whereas thewettability
was very different for the shorter chains deposited from
bothmethods. This effect canbeexplainedby thepresence
of solvent molecules which can be further adsorbed onto
the silica surface during grafting. As a consequence, they
hinder the silane molecules and reduce their number of
accessible sites (hydroxyl groups). When the alkyl chain
is long enough (about 18 carbon atoms long) to cover the
whole surface (solvent molecules could be trapped in
between the chains), the contact angles are characteristic
of a hydrophobic surface (similar to those of polyolefin)
since thewettability is an extreme surfacemeasurement.
Thesecontactangleswithwaterandthecoveragedensities
were similar to those measured on monolayers deposited
in the vapor phase (Table 2). The similar results for both
vapor phase and solvent processes show that the tem-
perature of the reaction has no effect on the efficiency of
the grafting. On the other hand, for shorter chains, the
solventmolecules are easily extractedduring thewashing
process, creating a disordered layer containing holes. In
this case, due to the chemical nature of the grafted layers,
interchain van derWaals interactions are veryweak, and
the physisorbed silanes are more easily removed during
washing than the long alkyl chain, associated by van der

Waals interactions.21 In this latter case, a lower contact
angle and grafting density are observed in comparison to
the monolayers obtained by the vapor phase method.
Wettingmeasurements showedacontactanglehysteresis,
reflecting the heterogeneous nature of the grafted mono-
layers obtained by the solvent method (Figure 4). This
effect is more pronounced for the long chains because of
the interactions between chains. Indeed, in this case, the
physisorbed species aremore tightly bound to the surface
than those for the shorter chains. These are therefore
less easily removable by washing and lead to a 3D
disordered structure (multilayers). Inversely, for the
monolayers deposited by the vapor phase method, a low
hysteresis is the signature of a dense and well-ordered
organic layer. The relative efficiency of the vapor deposi-
tion technique compared to that of the solvent one can be
explainedby thewayused for the silanemolecules to reach
the surface. In the vapor deposition method, the silane
molecules reach the silica surface individually, whereas
in the solvent deposition process, they reach the surface
in a collective way depending on the concentration of the
solution and the affinity with the silica surface relative
to the solvent molecules. According to this hypothesis,
the differencewill be larger for short silanes, whereas the
effect will not be pronouced for the longest silanes. In
fact, the first longest silanes deposited by a vapor process
will hinder the surface for futhergraftingsmore efficiently
than the shortest ones.
Regardless of the deposition method, the results ob-

tained by GC analysis with silanes having alkyl chains
containing 30 carbon atoms, were nonrepeatable and
displayed unexpected behavior. In fact, the resulting
grafting density was too high, while its value became
extremely low after an extraction using tetrahydrofuran
(THF). Long enough chains (above 18 carbon atoms) can
indeed interdigitate, forming a net strongly bounded to
the surface by hydrogen bonds and by dispersive interac-
tions between themselves and with solvent molecules.21

(19) Wasserman, S. R.; Tao, Y.; Whitesides, G. M. Langmuir 1989,
5, 1074.

(20) BenOuada,H.;Hommel,H.; Legrand,A.P.; Balard,H.; Papirer,
E. J. Colloid Interface Sci. 1988, 122, 441.

(21) Ulman, A. An Introduction to Ultrathin Organic Films-From
Langmuir-Blodgett to Self-Assembled Monolayers; Academic Press:
London, U.K. 1991.

Figure 3. Contact angle with water as a function of the chain
length (numberof carbons) for silica surfacesgraftedbydifferent
methods: (9) vapor phase process; (b) solvent process, toluene
as solvent; (2) toluene adsorbed on the silica surface.

Σc ) 1
A

106 Pc
(1200nc) - Pc(Mw - 1)

(silane molecules‚nm-2)

Table 2. Grafting Density, Σc, Determined by
Chromatography on Silica Quartz as a Function of the

Grafting Process and the Chain Length

sample

Σc
(silane molecules
nm-2) by vapor
phase method

Σc
(silane molecules
nm-2) by solvent

methoda

for a long
alkyl chain: C18

1.50 1.43

for a short
alkyl chain: C8

1.70 0.40

a Solvent used: toluene.

Figure 4. Hysteresis of wetting (water as probe liquid) for the
silica surfaces treatedwithalkychlorosilanesby thevaporphase
method (9) and the solvent method, toluene as solvent (b), as
a function of the alkyl chain length (number of carbons).
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Dimerization between silane molecules is also possible.
In the spectrum reported in Figure 5, the additional peak
at 7 ppm is associated with the dimer form. According to
these results, a multilayered structure can be used to
describe the grafted layer. The assumed flat conforma-
tions of C30 chains were in agreement with ellipsometry
measurements.22 Thus, the coverage density determined
by chromatography on such structures can possibly be
higher than theequivalentnumberofOHgroupsavailable
on the silica surface because HF can react with the
physisorbed silaneanddimer aswell. WashingwithTHF
and xylene under ultrasonic stirring is not sufficient to
remove the excess of physisorbed silane. As a result,
extractions in a Soxhlet with THF are necessary (Table
3). After a 20 h long THF extraction, a large part of the
physisorbed silane is removed, creating a very heteroge-
neous structure. The contact angle with water decreases
and the hysteresis increases strongly, highlighting the
removal of adsorbed molecules. Moreover, since all the
physisorbed species are removed from the silica surface,
the real grafting ratio becomes extremely low. This effect
illustrates the limits of GC analysis in the determination
of the grafting ratio for silanes having long alkyl chains.
The extent to which silanes react with the silica surfaces
depends on the density of the surface silanol groups and
on the accessibility of these surface sites. The reaction
may stop as the previously bonded molecules sterically
hinder the reaction of the remaining unreacted surface
functions. Because the C30 silane seems to adopt a flat

conformation when attached to the surface, the real
graftingdensity remainsvery low. Aspreviously reported
from the elemental analysis results (Table 4), the surface
coverage increases when decreasing the number of meth-
ylene units in the alkyl chain. As a matter of fact, the
bonded molecules sterically hinder the reaction of ad-
ditional molecules. Moreover, the long chain molecules
show a tilted orientation on the silica surface. The
inferences on chain conformations are confirmed by
ellipsometry measurements as described in another
paper.22
Effect of the Chemical Nature of Silane. Aminosi-

lane (C18N) and chlorosilane (C18Cl) lead to a grafting of
the silica surface with the same chain length. It was
already shown that aminosilane showsahigher reactivity
than that of chlorosilanes.23 Regardless of the grafting
process, the wettability of the grafted surface is better for
the aminosilane-treated surface, and the grafting ratio is
two to three times higher than those for the chlorosilane
ones (Table 5). Moreover, as reported on the NMR
spectrum(Figure6) of the silica graftedby thevaporphase
method, the free OH signal almost vanished, indicating
that most of the reactive groups on the surface reacted
with the alkylsilanemolecules.24 The electron rich amine
can develop interactions by hydrogen bonds with hydrogen-
donating groups, such as silanols. Because of its basic

(22) Duchet, J.;Chabert,B.;Chapel, J.P.;Gérard, J.F. tobepublished
in J. Colloid Interface Sci.

(23) Allian, M.; Borello, E.; Ugliengo, P.; Spano, G.; Garrone, E.
Langmuir 1995, 11, 4811.

(24) Bierbaum, K.; Grunze, M. PreprsAdhesion Soc. 1994, 213.

Figure 5. NMR spectrum of the C30-chlorosilane grafted by the solvent method.

Table 3. Contact Angle, Hysteresis of Wetting with
Water, and Grafting Ratio Determined by

Chromatography for C30-Grafted Silica as a Function of
the Treatment after Grafting on Samples

treatment
after grafting

θwater
w

(deg) ∆θ (deg)
Σc (silane

molecules‚nm-2)

washing under
ultrasonic stirring
with THF and xylene

97.8 ( 0.5 1.1 ( 0.6 >Σsilica
OH

extraction in soxhlet
with THF for 2 h

96.6 ( 1.2 12.4 ( 2.0 >Σsilica
OH

extraction in soxhlet
with THF for 5 h

99.0 ( 1.0 7.9 ( 1.4 >Σsilica
OH

extraction in soxhlet
with THF for 10 h

97.0 ( 1.3 32.0 ( 5.7 >Σsilica
OH

extraction in soxhlet
with THF for 20 h

94.7 ( 2.7 38.5 ( 0.5 0.05

Table 4. Grafting Ratio, τ, Determined by Elemental
Analysis for Silica Grafted by the Vapor Phase Method

as a Function of Alkyl Chain Length

alkyl chain τ (silane molecules‚nm-2)

C30Cl 0.97
C18Cl 0.95
C8Cl 1.37
C4Cl 1.43

Table 5. Contact Angle with Water and Grafting
Densities Ratio, R, Measured on C18-Amino- and

C18-Chlorosilane-Grafted Silica

solvent method vapor phase method

C18Cl C18N C18Cl C18N

θwater 89.9 ( 0.3 101.8 ( 1.4 95.0 ( 1.1 103.6 ( 1.9
R ) τC18N/τC18Cl

a 2 3
a Determined by 29Si NMR.
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character, the amine is easily protonated. After adsorp-
tion, the amine group can catalyze the silanization of the
silicon side of the molecule with a surface silanol.25
EffectandRoleof theSolventon theSilanization.

Toluene is frequently used as a solvent in the grafting
methodbecauseof itsability toextract significantamounts
of water from the surface of the substrate. Thismoisture
leads to the hydrolysis of the chlorosilane in the bulk
solvent phase.11 Indeed, toluene, which is rather polar,
canalsobeadsorbedonthesilica surfaceandthenprevents
the silanol groups on the surface from reacting. As a
consequence, it results in a lower grafting density. In
addition, the solvent molecules strongly adsorbed on the
surface will increase the carbon percentage determined
by elemental analysis. This phenomenon can explain the
higher grafting density found for the long chain silane on
the silica particle by the solvent process than the density
found for those grafted by the vapor phase method. In
this latter case, the high values obtained result from the
toluene insertionbetween chains (Table 6). By comparing
thegraftingdensitiesmeasuredonquartzandonnanosize
particles,we canunderline that the substratenatureplays
an important role in the resulting grafted structure. The
grafting density measured on C30-grafted Aerosil by the
vaporphasemethodanddeterminedbyelementalanalysis
is close to the value reported in the literature26 (Table 6).
Several experiments were realized in order to remove

the solvent from the grafted monolayer and to get a more
efficient grafting density (Table 7). The extraction of
toluene under vacuum after grafting tends to decrease
the coverage density, but it still remains high. An

additional washing with methanol does not modify the
structure of the grafted layer. As reported by several
authors,11,27 the nature of the solvent used for the
silanization is an important factor. By using carbon
tetrachloride (insteadof toluene) followedbyanextraction
with tetrahydrofuran, theresultinggraftingdensitieswere
rather similar to thosedeterminedonsilicapowdergrafted
by the vapor phase method (Table 7). Child already
reported that the grafting was more efficient in solution
with carbon tetrachloride thanwith toluene.14 Fromthese
experiments, the extraction with methanol is not suf-
ficient, and washing with THF is necessary. The solvent
used for extraction seems to play an essential role in the
structure of the resulting grafted layers.

(25) Iler, R. K. The Chemistry of Silica; J. Wiley & Sons: New York,
1979.

(26) Vansant, E. F.; Van der Voort, P.; Vrancken, K. C. Character-
ization and Chemical Modification of the Silica Surface; Elsevier Sci.:
Amsterdam, The Netherlands, 1995; 93.

(27) Gun, J.; Sagiv, J. J. Colloid Interface Sci. 1986, 112, 457.
(28) Van Krevelen, D. W. Properties of Polymers, 3rd ed.; Elsevier

Sci.: New York, 1991.

Figure 6. 29Si NMR CP/MAS spectra of C18-chlorosilane- (top) and C18-aminosilane- (bottom) grafted Aerosil silica (vapor phase
deposition method).

Table 6. Grafting Density, Σc, Measured on Silica by Chromatography on Grafted Silica Plates and by Elemental
Analysis on Treated Aerosil Particles

Σc vapor phase method (silane molecules‚nm-2) Σc solvent method (silane molecules‚nm-2)

determination C30Cl C18Cl C8Cl C4Cl C30Cl C18Cl C8Cl C4Cl

gas chromatography >Σsilica
OH 1.50 1.70 >Σsilica

ÃΗ 1.43 0.40
elemental analysis 0.97 0.95 1.37 1.43 5.02 5.05 1.41 0.88

Table 7. Grafting Density Obtained by Solvent Method,
Σc, as a Function of the Solvent Used and the Length of

the Alkyl Chain

Σc (molecules‚nm-2)

treatment C30Cl C18Cl C8Cl C4Cl

1 5.02 5.05 1.41 0.88
2 3.92 4.48 3.88 1.73
3 3.80 4.57 3.65 1.94
4 15.76 2.82 4.03
5 2.21 1.25 1.29 1.43

a Treatment 1: Grafting realized with toluene, extraction with
methanol, drying under vacuum. Treatment 2: Grafting realized
with toluene, extraction under vacuum, extraction withmethanol,
drying under vacuum. Treatment 3: Treatment 2 followed by an
additional extraction with methanol. Treatment 4: Grafting
realizedwithCCl4, extractionwithmethanol, dryingundervacuum.
Treatment 5: Treatment 4 followed by an additional extraction
with THF.
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The contact angle measurements show that the wet-
tability of the grafted structure can be controlled by
choosing an appropriate solvent for the silanization
reaction (Figure 7). Carbon tetrachloride, which is less
polar than toluene (δp

CCl4 ) 0 and δp
toluene ) 1.4),27 is less

adsorbed on the silica surface, and as a consequence,
higher contact angles and grafting densities can be
observed.
Nature of Bonds at the Silica Surface. Further

information on the chemical bonding of the silanes to the
surface is obtained from29SiCP/MASNMR. Bycomparing
the NMR spectra before and after silanization, presented
in Figure 8, an additional peak at 14 ppm can be observed
which is assigned to the silicon attached to the alkyl chain
groups of the bonded chain (Si-CH2-). The occurrence
of this resonance is balanced by the disappearance of the
silanol resonances (hydrolyzed and surface Si-OH). In
addition, the siloxane resonance (-O-Si-O-Si-CH2-)
increases since the silanols on the silica surface have
reacted with the hydrolyzed silanes. As a consequence,
29Si NMR spectroscopy is the best technique to determine
the grafting density, since it is possible to quantify the
rate of the siloxane bonds by measuring the amount of
Si-O-Si-CH2-bonds. On the other hand, the adsorbed
species via hydrogen bonds are not taken into account by
NMR spectroscopy.
Thegraftingdensitiesmeasured formonolayers grafted

bymeans of a vapor phase processwere higher than those
measured for monolayers by the solvent method (Table

4). Both grafting processes (phase vapor and solvent
methods) led to the formation of siloxane bonds, but the
grafting performed in a solvent is less dense.
In order to quantify the stability of the formed bonds,

chemical attack was done by dipping (from 15 min to 12
days at room temperature) the aminosilane monolayers
grafted by both methods in a 0.1 N KOH solution. The
water contact angles and hysteresis of wetting are given
in Figures 9 and 10, respectively. From this point, the
monolayers grafted by the solvent method are degraded
faster than themonolayers resulting fromthevaporphase
method. An increased contact angle hysteresis is an
obvious indication of layer degradation. This rapid
degradation is due to the extraction of the remaining
physisorbedmolecules. These results are similar to those
reported on TTSmonolayers byWasserman et al.29 They
noticed after 80min in the same type of solution that 50%
of the filmwas removed fromthe silica surface. Thevapor
phase monolayers were less affected by hydrolysis than
the monolayers deposited from a toluene solution. This
phenomenon can be explained by the fact that the
monolayers deposited by the vapor phase method have
more dense and stable structures. However, after a
dipping timeof 20h, bothmonolayers graftedby the vapor
phase and solvent methods presented the same degrada-
tion. These results are not surprising since a Si-O bond
is known to undergo hydrolysis in basic media.6

Conclusion
In this work, the influence of the silanization process

on the quality of grafted monolayers was studied in the
case of alkylchlorosilanes having different chain lengths
(from 4 to 30 carbons long) deposited onto quartz slides
and silica particles. Both methods lead to a chemical
grafting via siloxane bonds. However, two different
structures of silanemonolayers are obtained: (i) Byusing
a vapor phase deposition method, the low-wetting hys-

(29) Wasserman, S. R. J. Am. Chem. Soc. 1989, 111, 5852.

Figure 7. Water contact angles of silica surfaces treated with
alkyl chlorosilanes as a function of the length of the alkyl chain
and deposition method: vapor phase process (9); solvent
process, toluene (b); solvent process, carbon tetrachloride (2).

Figure 8. 29Si NMR CP/MAS spectra of untreated and C30-
Cl-grafted Aerosil silica (grafted by a vapor phase deposition
method).

Figure 9. Dependence of the water contact angle with time
of dipping in a 0.1 N KOH solution for the C18N-grafted silica
surface: (b) solventmethod; (9) vaporphasedepositionprocess.

Figure10. Dependence of thehysteresis ofwettingwithwater
with the time of dipping in a 0.1 NKOH solution for the C18N-
grafted silica surface: (b) solvent method; (9) vapor phase
deposition process.
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teresis shows that themonolayers arewell-structuredand
dense. The removal of the physisorbed water from the
surface during the conditioning of the specimens allows
us to get a very repeatable grafted surface. Even if this
technique is particularly reliable, it cannot be used to
graft longer chains such as polymers.4 (ii) Consequently,
a solvent process for grafting alkylsilanes was developed
and optimized in order to obtain denser andmore ordered
layers. The nature of the solvent plays an important role
for obtaining well-ordered monolayers. Well-ordered
monolayers are obtained by using carbon tetrachloride as
a solvent because it is apolar and consequently less
adsorbed onto the silica surface than toluene. The
resultingmonolayers are characterized by higher contact
angles with water and grafting densities close to those
determinedon layersdepositedby thevaporphasemethod.
However, by using a solvent method, the samples are not
dried and part of the physisorbed water remains. Thus,
the resulting grafting ratio is lower, and the monolayer
is less dense than that obtained from the vapor phase
deposition process. The hydrolysis kinetics may also be

faster for these monolayers than that for the monolayers
resulting from the vapor phase method. The difference
between the layers resulting from the solvent and the
vapor deposition methods can be explained by (i) the way
used by the silane molecules to reach the surfaces
individually or collectively for the vapor and the solvent
methods, respectivelysand (ii) by the competitionbetween
the solvent and the silane molecules to reach the silica
surface for the solvent process. This competition, which
infuences the packing density of the grafted layer, is
dependent on the polarity and the shape of the solvent
molecules.
The study of this model interface finally allows us to

predict some of the possible problems arrising when
grafting longer chains (longer than 29 methylene units)
on silica surfaces. In particular, it will be especially
difficult to build well-ordered and homogeneous mono-
layers from silane-grafted polymers.
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