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ABSTRACT: Chlorosilane-terminated polyethylenes having different molar masses are
prepared to be used as connecting molecules between a silica surface and a neat polyeth-
ylene matrix. The synthesis and the grafting ability of such functionalized polyethyl-
enes is reported. The grafting efficiency is demonstrated by means of 2Si NMR and
wetting measurements according to the hydrophobic nature of the grafted molecules
in comparison with the hydrophilic character of the silica surface. The resulting thick-
ness and refractive index of the dry grafted layers are characterized using spectroscopic
ellipsometry. The grafting ratios are given from microanalysis measurements. Surface
topography is observed using AFM. All of these techniques are in a good agreement
and a general trend of the organization of the tethered layers at the surface is proposed.
© 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 2481-2492, 1997
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INTRODUCTION

Numerous articles were done on the interface be-
tween a semicrystalline polymer and an inorganic
substrate, such as glass or carbon fibers.!™® In
most of the cases, the interfacial phenomena in
such materials was studied in terms of crystalliza-
tion in the polymer in the vicinity of the inorganic
surface. In fact, a transcrystalline interphase can
be generated as a function of the cooling and/or
shearing in the supercooled melt.5"*° Neverthe-
less, most of the articles do not definitely conclude
on the effect of such interfacial layer on the load
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transfer (i.e., the shear strength of the interface)
at the interface.’'* Another way consists on the
grafting of polymer chains on the inorganic sur-
face.’ !¢ In such a way, the polymer chains act
as connecting chains between the surface and the
bulk of the polymer used as matrix or coating.
The improvement of the bond strength results
from the entanglements of these connecting
chains with the polymer chains. This concept was
well described by theoretical models and verified
experimentally in the case of the interface be-
tween two linear polymers connected by block co-
polymers.'”~2° In the case of semicrystalline poly-
mers, the ability of the polymer chains to crystal-
lize can be used as an additional phenomenon to
increase the interfacial adhesion. In fact, if the
grafted polymer chains are able to crystallize in
the same crystallographic from and with the same
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kinetics as the “free” polymer deposited on the
grafted surface, a cocrystallization between these
two types of chains can be expected.?~2* This con-
cept was previously developed in the case of
poly(phenylene sulfide)/glass?* and isotactic
polypropylene/glass interfaces.??> In the later
case, silane-terminated isotactic polypropylenes
having different amounts of functional groups
were prepared from a Ziegler—Natta polymeriza-
tion and compared to silane-terminated (silane
group at the end of the chain) oligopropenes.??
The capability of such polymers to be grafted and
to cocrystallize (in blends) with a neat isotactic
polypropylenes was demonstrated. For the PPS/
glass interface, carboxy-functionalized PPS were
synthesized and the grafting on the glass surface
proceed from the reaction of the carboxy functions
with the amine groups of the y-aminopropyltrie-
thoxysilane predeposited on the glass surface
forming an amide unit.?® Large improvements of
the shear strength, 7, and/or fracture energy of
the interface were noted by controlling the posi-
tion (as side groups or chain ends) and the
amount of the functional groups and also the mo-
lar mass of the grafted chains.?® The same type
of conclusions was noted for the interface between
two semicrystalline polymers, the polypropylene,
and the polyamide 6-6, for which polypropylene—
polyamide copolymers are formed at the interface
during joining.?” Nevertheless, the cocrystalliza-
tion in the interphase region expected from the
fracture energy measurements was not clearly
demonstrated.

The aim of this article is to show the grafting
ability of silane-terminated polyethylene on silica
surface through physico-chemical characteriza-
tions of the tethered chains to verify the aptitude
of such molecules to be used as connectors be-
tween a silica or glass surface and a neat polyeth-
ylene matrix. Different chlorosilane-terminated
polyethylenes having different molar masses are
prepared and grafted on silicon wafers with a na-
tive SiO, layer. The ability of such polymers to
be grafted by reacting the silane group with the
hydroxyl functions on the surface and the struc-
ture of the deposited polymer layer are studied by
means of physico-chemical methods such as NMR,
wetting, ellipsometry, and atomic force micros-
copy. According to the hydrophobic character of
the grafted polymer and the hydrophilic character
of the untreated surface, the wetting measure-
ments can be performed to check the grafting effi-
ciency and the structure of the grafted layer.
These different methods were previously applied
for grafting of short alkyl chains (alkyl dimethyl

chlorosilanes C,H,,,;—Si(CHj),Cl with n from 4
to 30) on silica in order to determine the grafting
density and the structure of the resulting layers?.
The silane-terminated polyethylenes grafted on sil-
ica surfaces are used as connectors with a neat poly-
ethylene matrix to enhance the polyethylene—silica
interface. The study of the interfacial adhesion is
reported in other articles.?*°

EXPERIMENTAL

Materials

The unmodified polyethylenes used in this study
are produced from polymerization in heptane with
a metallocene catalyst. Because all the catalysts
are poisoned by air or water, all the polymeriza-
tion steps are done under argon. Three kinds of
polymers were prepared:

The polyethylene denoted PE-1 is a PE obtained
using an homogeneous catalyst, the cyclopenta-
dienyl zirconium dichloride (denoted CpyZrCly)
and the cocatalyst MAO (methyl aluminoxane) in
a heptane solution. MAO (15 mM) followed by
1.5 X 10 °M of Cp,ZrCl, are added to 300 mL of
heptane solution. To favor the transfer reactions
leading to a large decrease in the molecular mass,
the polymerization takes place at high tempera-
ture, i.e., 95°C, under ethylene at low pressure
(near 1 bar). The consumption of ethylene is mon-
itored and the polymerization is stopped by a
methanol addition. The polymer is then recovered
by precipitation and washed in methanol.

The polyethylene denoted PE-3 is an ethylene—
hexene copolymer obtained with the metallocene
homogeneous catalyst, the ethenyl-bis-indenyl
zirconium dichloride [ denoted Et(Ind ),ZrCl,] and
the cocatalyst MAO. The hexene-1 comonomer is
used in this case to reduce the crystallinity of the
resulting polymer and chain transfer is more fre-
quent after an a-olefin insertion. In a 300 mL solu-
tion of heptane are brought in successively 20 mL
of hexene-1, 10 mM of MAO, and just before start-
ing the copolymerization 1.25 X 107® mol of
Et(Ind),ZrCl,. The reaction occurs at 65°C under
a constant ethylene pressure of 4 bars. The hex-
ene-1 being in large excess, the consumption of
the comonomer is negligible, so that the reaction
occurs without composition drift. The copolymer
is then recovered as previously in methanol.

The PE-2 is a polyethylene obtained using an
heterogeneous metallocene supported on silica
(50 mg) and MAO (10 mM) as cocatalyst at 95°C.



Polymerization takes place under an ethylene
pressure of 0.5 bars.

The silane functionalization of these polyethyl-
enes is performed in xylene with chlorodimethyl-
silane (used as received from ABCR Products).
The hydrosilylation can be described as follows:

o
H=CH
CH,—(CH,),— CH=CH 4 g0 —
C=CH [
(|JH CH,
| > Chlorodimethyl-
Bare PE C|)H2 silane
o
CH,
'd (leg
——CHZ—Sli—Cl
CH,
CH,—(CH,),—
o
—+CH—Si—Cl
\(|:H2 CH,
i
s
CH,

The reaction is conducted in a reactor under an
argon atmosphere in dried xylene (100 : 1 for xy-
lene-to-PE by weight) at 145°C for 2 h. A cooling to
90°C is carried out to prevent the degradation of
the Speier catalyst. The catalytic solution is made
from 1% (wt) of hexachloroplatinic acid (H,PtClg)
in isopropanol. Finally, a 2% (molar) silane in xy-
lene (2% molar) is used for 48 h at 90°C. The poly-
mer is then kept in solution before grafting to pre-
vent further reactions of the chlorosilane moieties.

Table I Molar Masses of the Precursor
Polyethylenes

M, M,

Polymer (g-mol™) (g-mol™) Ip
PE-1 1,194 5,230 4.4
PE-2 3,710 16,000 4.3
PE-3 325,000 65,000 2
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Table II Melting Temperatures, T,

and Crystalline Rates, X, of the Precursor
Polyethylenes (Melting for 5 Min at 200°C and
Cooling to Room Temperature at 10 K- min™)

Polymer T, (°C) X (%)
PE-1 121 49.3
PE-2 139 68.5
PE-2 91.5 17.2

Silica Surfaces

Depending on the technique of characterization
used, the silane-functionalized polyethylenes are
grafted on: (a) silicon wafers (30 X 10 mm?) hav-
ing a native SiO; layer and a roughness from 0.15
to 0.35 nm. The hydroxyl groups density on the
surface is 4.5 nm 2. (b) Pyrogenic silica particles
(Aerosil 200 from Degussa) having a diameter
from 7 to 12 nm and a specific area (measured
by nitrogen adsorption) about 200 = 25 m?-g~!.
According to this high value of the specific area,
the grafting density cannot easily be compared to
those obtained on silicon wafers because of the
size of the grafted polymer. This type of silica was
considered in order to verify the ability of the PE
to be chemically grafted

The cleaning and the hydroxylation of the silica
substrate is a crucial step in the grafting process.
The silicon wafers are cleaned by stripping off any
organic contaminants by chemical and photo-
chemical treatments. After degreasing under an
ultrasonic stirring in acetone followed by an other
one in methanol, the samples are brought in a
quartz sealed container filled with O, and subject
to UV light (265 nm) for 1 h. They are then dipped
into a hot (110°C) H,SO, : H,O, solution (70 : 30
by wt) for 15 min then rinsed thoroughly with
purified water. The final step involves again a 15
mn UV/ozone treatment.

The clean silica samples and a 5% solution by
weight of the functionalized-PE in xylene are
heated a 145°C for 2 h under an argon atmo-
sphere. Then, these are washed with xylene in a
sohxlet extractor for 5 h, dried with nitrogen, and
stored for 24 h in vacuum prior any characteriza-
tion. These experimental conditions were opti-
mized in a previous study on dealing with grafted
organosilanes.”® The grafting kinetics plays obvi-
ously a key role on the structure of the tethered
layer through the molecular weight distribution.
A longer grafting time will lead to a thicker phy-
sisorbed layer and then a longer washing proce-
dure without improving the chemisorbed layer.
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Figurel FT-IR spectra ofthe precursor polyethylene PE1 before and after hydrosyli-

lation with chlorodimethylsilane.

Experimental Techniques

Thermograms are obtained from a Perkin—Elmer
DSC7 thermal analyzer under nitrogen atmo-
sphere on 10 mg samples. Before any measure-
ment each sample is heated up at 200°C during 5
mn to erase their thermal history. They are then
considered after have been cooled down to room
temperature then heated again to 200°C at 10°C/
mn. The degree of crystallinity X% is calculated
using the theoretical melting enthalpy value AH,
= 280.5 J- g ! of a polyethylene monocrystal.
Molar mass measurements are performed on

Table IIT Polar and Dispersive Components
of the Organic Liquids Used as Probes
for the Surface Energy Measurements

,ynd ,yd
Liquid Probe (mN/m) (mN/m)
Water 51 21.8
Diiodomethane 50.8 2.6

Waters-150 GPC equipped with microstyragel
102, 10%, and 10* nm columns, after 2 h of homog-
enization in ortho dichlorobenzene at 135°C.

The efficiency of the hydrosilylation reaction
is evaluated by transmission FT—IR spectroscopy
performed using Perkin—Elmer 1760X. A drop of
solution (before and after silylation is deposited
onto a KBr pellet, the solvent is then removed at
145°C under vacuum.

The hydrophilic and hydrophobic wettability
characteristics of respectively clean silica samples
and grafted ones are measured at room tempera-
ture using the sessile drop method. A drop of a
given test liquid is deposited on the silica surface.
A videocamera associated with a home-made
analysis device gives from the geometry of the
droplet the contact angle between the liquid and
the silica surface. The reported contact angle, 6,
is the average value of at least 10 drops for each
surface treatment of the silica surface for a given
liquid. The standard deviation gives an estima-
tion of the macroscopic homogeneity of the surface
structure. The measurements are performed with
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Table IV Wettability Measurements Performed on PE-3-Treated Silica Surfaces

O ater (°) Opiiodo (©) ¥ (mN/m) ¥ (mN/m) v (mN/m)
Wetting 102.8 £ 0.9 725 + 1.1 22.5 £ 0.6 0.8 + 0.1 23.2 + 0.8
Dewetting 92.8 + 1.7 63.8 = 2.6 27.6 + 1.5 2.0 0.2 29.6 = 1.7

distilled water in order to underline the hydropho-
bic character of the grafted layers. The relation-
ships between the contact angle and the surface
energy of the grafted silica is obtained by applying
the generalized Fowkes theory,?! in which the ge-
ometric average of the dispersive component of
the surface free energy is extended to the polar
one. For that purpose, a dispersive test liquid, the
diiodomethane, is used. Measurements made with
this two liquids allow us to evaluate respectively
the polar y 2% and dispersive & components of the
surface free energy y through the relation:

yi(1 + cos 8) = 2/yEyd + 2/ypdynd

where 7y;, is the surface energy of the wetting
liquid.
yL=7y"+ vl

From the atomic percentage of carbon deter-
mined on divided silica, the grafting density can
be calculated using the following equation:

s — 1 10°P,
‘A (1200m,) — P.(M,, — 1)

(silane molecules - nm 2)

where A is the specific area of the bare silica, n.
is the number of carbon atoms, M, the molar mass
of the bonded moiety, and P, the percentage of
carbon for the grafted silica.

The surfaces are examined in air using a com-
mercial AFM from Park Scientific Instrument. A
laser beam strikes a cantilever and the deflection
of the laser beam caused by the movement of the
lever is detected with a four section photodetector.
Recording the deflection of the cantilever, the local
height of the sample is measured. Untreated and

grafted silica are analyzed using a V-shaped Si3;N,
microlever cantilever with a nominal spring con-
stant of 0.58 N-mm ' possessing a pyramidal sen-
sor tip with a radius of curvature lower than 20 nm
(the interaction zone is then a few ten of nanometer
square). AFM measurements give a realistic fea-
ture of the local structure of the surface. All scans
are performed in contact mode, i.e., the probe tip is
moved into a continuous contact with the specimen
surface and scanned over the surface with a fre-
quency of 2 Hz. It is worth saying that from holes
in the layer structure it is always possible to esti-
mate the thickness of the grafted layer. This value,
although not absolute (because we are never sure
to be in contact with silica) could then be compared
with more appropriate technics.

Indeed, the absolute thicknesses of the grafted
layers are evaluated from ellipsometric measure-
ments. Ellipsometry is based on the fact that a
monochromatic electromagnetic wave changes its
state of polarization after striking a reflecting sur-
face. This change is a function of the optical pa-
rameters of the whole system. The relationship
between these parameters and the ellipsometric
measured angles can be expressed as®?:

=

e®tan U =

E: = f(nk’ dk’ 7\a d))

where R, and R, represent the overall reflection
coefficients for the basis p- and s-waves, respec-
tively. They are dependent on n, and d;, which
refer the refraction index and the thickness of
each layer of the model (Fig. 2), \ is the wave-
length, and ¢ is the angle of incidence. Measure-
ments of A and ¥ allow the evaluation of the two
unknown parameters, the polymer layer thick-
ness, and its refractive index.

In this work, measurements are performed at

Table V Wettability Measurements Performed on PE-2-Treated Silica Surfaces

Owater (°) Obiiodo (°) v (mN/m) v*4 (mN/m) v (mN/m)
Wetting 98.2 = 1.8 69.0 = 2.5 245 + 1.4 1.3 +0.2 25.8 = 1.6
Dewetting 63.1 = 3.5 60.7 = 1.3 29.5 = 0.8 14.8 + 1.7 44.3 = 2.5
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Table VI Wettability Measurements Performed on PE-1-Treated Silica Surfaces

Owater (°) Opiiodo (°) ¥ (mN/m) ¥ (mN/m) v (mN/m)
Wetting 819+ 1.5 53.8 = 0.9 33.7 = 0.6 4.1+ 04 37.8 + 1.0
Dewetting 35.0 = 3.1 33.4 = 3.8 448 + 1.9 24.0 = 0.7 68.8 = 2.6

room temperature using a Spectroscopic Ellipso-
meter ES 4G from Sopra, with an angle of incidence
fixed at 75° with a wavelength \ ranging from 300
to 850 nm. The measurements are taken at inter-
vals of 5 nm. The measured and the fitted curves
are analyzed by means of the software Sopra Elli45.
All Si/SiO, substrates are measured for the first
time immediately after the cleaning procedure to
determine all their relevant data [n(Si), k(Si),
n(Si0,) and d(SiO,)] by fitting, £ being the imagi-
nary part of the refractive index. From the raw data
we compute the thickness and the refractive index
of the grafted layer without assuming any polymer
bulk index as it is usually done with monochromatic
ellipsometer. We rather fit the experimental data
using the Cauchy’s model for the dispersion func-
tion of the refractive index:

n=A+B/N\2+ C/\*
K=D + E/x + F/)\3

with initial values beingA=15,B=C =D =E
= F = 0. We then obtain a curve n(PE) vs. \
reflecting the structure of the thin grafted layer.
All the thickness measurements are carried out
in air at room temperature (22°C) and normal
relative humidity (HR: 50-70%). It should be
noted that ellipsometric measurements are mac-
roscopic in nature because the light spot that
strikes the surface is 3 X 6 mm?. The ellipsometric
measurement is then an average of the optical
properties of the region considered.

The sessile drop method is used to ascertain
the presence of a grafted layer and then to char-
acterize its homogeneity and the surface energy

Table VII Contact Angle Hysteresis
for the Silica Surfaces with the Various
Types of Functionalized Polyethylenes

Polymer Used as

Surface Treatment O water O diiodo
PE-1 469 + 1.6 204 = 2.9
PE-2 35.1 = 1.7 83 +1.2
PE-3 10 =0.8 87=+15

of the modified surface. The structure of the
grafted layers are analyzed from grafting ratios,
ellipsometry measurements (thickness and re-
fractive index) and AFM observations. From the
results of these different technics, we will give
a general trend of the organization of the grafted
layers.

RESULTS AND DISCUSSION

Precursor Polyethylenes

The characteristics of the polyethylenes are re-
ported in Tables I and II. As expected, the PE-1
polymer synthetized using an homogeneous cata-
lyst displays the lower molar mass compared to
the ethylene—hexene copolymer (PE-3). The in-
sertion of the hexene monomer in the PE chain
also reduces the crystallinity since the PE-3 is
slightly branched. In the present case of grafted
polymer monolayers, the crystallinity defined in
the bulk state has no significance. Nevertheless,
the ability of these PE to crystallize is an im-
portant feature for a further cocrystallization
with a neat PE matrix.

Silylated Polyethylenes

The functionalization by chlorodimethylsilane
performed on the three polymers is evidenced on
the infrared spectra. On the FT-IR spectrum of
PE3700, it can be seen that the double bond bands
of precursor polyethylenes (900, 990, and 1640

rafted PE
Sy

Figure 2 Three-layer model used for ellipsometric
data interpretation based on a silicon layer, a native
silicon dioxide layer (1.5 nm in thickness), a grafted
PE layer and air as medium.
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Figure 3 Variation of the refractive index of the grafted layers n; with wavelength.
The curves came from the raw ellipsometric data fitted using a Cauchy’s model.

cm ') have been replaced by the Si—C (800 cm ')
Si—CH; (1250 ecm 1) or Si—O (1092 cm 1) bands
from the silane. The same trend is observed on
the other two (Fig. 1).

However, the reaction is not achieved com-
pletely. It is very likely that the shorter chains
are more functionalized than the longer ones.
Hence, the polydispersity of the grafted polymers
would be narrower and shifted to lower molecular
masses. In any case, we are not able to check it
because the GPC analysis is not possible anymore
after hydrosylilation.

Grafting

The grafting process can be described by the fol-
lowing reactions:

Me Me

SN 8i—Cl + H, O —— >>"">Si—OH + HCI

Me Me
1\|/Ie
\/\/\/\Sl_ H
LT E
e E 7E
W\/\?l—OH+HO % WL

Me Me

S~ S —0—S7 + H,0
I

Me

In the first step, the functionalized group of the

Table VIII Grafted-Polymer Thickness 2 Determined by Ellipsometry,
Grafting Ratio X from Microanalysis Together with the Distance D
between Sites, and Finally the Estimated Radius of Gyration R,

of the Unperturbated Polymer Chain

Thickness A Grafting Ratio X D =14
Polymer (nm) (molecules - nm?) (nm) 2R, (nm)
PE-1 5.5 0.02 7.1 1.7
PE-2 4.9 0.01 10 3

PE-3 4 0.001 31.6 6
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Figure 4 Schematic illustration of the structure of
the end-grafted polymer layer.

adsorbed polymer is hydrolyzed by water, which
is either already adsorbed on the surface or pres-
ent in the solvent. In the second step, the adsorbed
hydrolyzed polymer via hydrogen bonds reacts
with the surface silanol groups to form a siloxane
Si—O—Si bond.*

The cleaning procedure of the silicon substrate
described previously leads to a well-hydrophilic
surface. The contact angles measured on such a
“clean” surface are less than 10° (the detection
threshold of the setup). For comparison, an un-
treated wafer washed solely by acetone—metha-
nol stirring displays an angle of 45°.

Using probe liquids (Table III), the wettability
behavior and the surface energy of the three types
of functionalized polymers are determined (Ta-
bles IV to VII). As expected, the grafted silicon
wafers present a high contact angle, indicating
that a layer of chemisorbed polymer is present
on the surface. The small standard deviation of
values and the invariability of measurements
after extensive xylene extractions prove the cova-
lent grafting of polymer chains on the surface.
Indeed, a 5-h long soxhlet extraction ensure that
physisorbed molecules are removed from the sur-
face. In the case of PE3, three extractions in a row
(15 h) do not change the water contact angle at
all. It should be remember that because the hy-
drophobic PE do not establish hydrogen bonds
with the hydrophilic surface of silica, the only in-
teraction responsible for physisorbtion are the
dispersive van der Waals forces, which is suffi-
ciently weak to be broken; thus, the physisorbed
species can be removed easily by a common wash-
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Dlﬂm‘l-\] Hﬁ'ﬂ EhA
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Figure 5 AFM images in air of 0.4 X 0.4 mm? area of (a) PE-1-, (b) PE-2-, and (c)

PE-3-treated silicon wafers.
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ing procedure (soxhlet extraction). We observed
by wettability experiments that the adsorbtion
layer of nonfunctionalized PE on the surface of
silica is readily eliminated by a gently cleaning.
Moreover, the covalent grafting efficiency is also
verified by 2Si NMR on silica particles and by IR
Spectroscopic Ellipsometry on silicon wafers.
The contact angle decreases with the molecular
mass of the silane-functionalized polymer sug-
gesting a more entangled structure for the PE-3,
thus for the longer grafted chain. It should be
noted that the contact angle of a neat polyethylene
surface is 102°, close to the value of the PE-3.3°
However, if we take into account the dispersive
component of the surface energy, it appears that:
(a) the surface grafted with PE1 chains is similar
to a polyethylene matrix (y¢ = 34,1 mN-m');
(b) the surfaces grafted with PE2 and PE3 chains
display the same behavior as a paraffin surface
(y% = 26.3 mN-m™'). Moreover, it was shown
that an amorphous polymer gives a surface energy

lower than a crystalline one.*? Thus, we can pre-
sume that the PE-1 grafting is more ordered than
the PE-2 and PE-3. This tendency shows up too in
the curves of the refractive index vs. wavelength
n(\), which are discussed later (Fig. 3).
Ellipsometric data are analyzed according to a
three-layer model previously used in the litera-
ture.?*3* The layers are assumed to be homoge-
neous and sharp. From the thicknesses obtained
it came out that the greater the molecular mass
is, the thinner the grafted layer is (Table VIII).
It should be noticed that the thicknesses obtained
by ellipsometry are corroborated by AFM topo-
graphic measurements [see Fig. 5(a)—(c)]. In-
deed, for a long chain, the probability for the func-
tionalized group to interact and react with a sur-
face hydroxyl groups is very low. Furthermore,
according to its size, the grafted polymer will hin-
der further grafting by reducing the number of
accessible sites (an hydroxyl group occupies 0.22
nm? on the surface). Thus, we observe a drop in



2490 DUCHET ET AL.

(A)

m-
1 1

oM

02 04

Distance ()

(1] (1]
Heght &2 4

(c) Ra=32+07 A

Figure 5 (Continued from the previous page)

the grafting density with the polymer molecular
weight (see table VIII). Moreover, from the
curves n(\), it appears a peculiar behavior for the
refractive index of PE-1 (n;) compared to other
two (Fig. 3). This fact certainly suggests a more
structured surface organization.

The thickness of the grafted layer can be com-
pared to the case where the polymer assumes the
shape of an “unperturbed” random coil (i.e., the
dimensions of the polymer in solution, the unper-
turbed radius of gyration R,) (Table VIII). R, is
given by the well-known Flory’s relation®*%¢:

R, = 1VM/6M,

where \, M,, and M are the effective length and
the molar mass of the monomer, and the molar
mass of the polymer, respectively. Obviously, in
our case, this equation is not longer valid because
the polymer is grafted at one chain end.?” Numer-
ous models were developed to describe the confor-
mations of grafted chains from the characteristics

of the chain (number of monomer units, persis-
tence length, etc.) and the grafting density.?
These models have dealt with so-called wet
brushes and cannot be used directly in this case
because the thickness is determined for a dry
polymer layer.® From the correlation between
thicknesses, refractive index, grafting ratios (as
a consequence the distance between grafted sites,
D = 1/YZ) and the approximation of the unper-
turbated radius of gyration, we can estimate the
surface conformation **° (Table VIII and Fig. 4).
The PE-1 layer is densely grafted forming a
pseudo “brush-like” structure, whereas the PE-2
layer displays a “mushroom-like” structure. Fi-
nally, the PE-3 polymers are spread out on the
surface. Indeed, when the grafting ratio is high
(PE1) and D is inferior or equal to the measured
thickness the chains tend to fold like mushrooms.
Whereas, when the grafting ratio is low and the
thickness is small compared to D (D > 2 h) the
chains are isolated and lie on the surface. This
view is supported by the distinct variation of n 1.



Furthermore, the comparison between the thick-
ness h and the R, confirms the brush-like (A > R,),
mushroom-like (2 ~ R,), and the spread-out (A
< R,) structure.

Additionally, from the wetting measurements,
it arises that the contact angle hysteresis de-
creases with increasing the molecular mass of the
grafted polymer. The hysteresis can be associated
with different phenomena such as the chemical
heterogeneity and/or the roughness of the sur-
face, the diffusion of the probe liquid into the sam-
ple (or swelling of the substrate), the surface
groups reorientation, etc.’” In most of the cases,
the origin of hysteresis is a cooperative effect and
it is difficult to quantify each contribution. In this
case, we expect that the hysteresis effect is mainly
due to the heterogeneous nature of the grafted
layer. Indeed, according to the nature of the
grafted polymers it is rather impossible to avoid
holes in the layer (with smaller molecules like
alkylsilane, e.g., it’s easier to get a smooth, ho-
mogenous monolayer3®). Thus, the hysteresis is
interpreted in terms of the presence of defects in
the grafted layer (holes, overthickness). The de-
pendence of the hysteresis angle with the molar
mass of the grafted polymer can be considered in
addition to the atomic force microscopy analysis>*
[Fig. 5(a) to (¢)]. The AFM and the hysteresis of
wetting dependencies are in agreement with the
ellipsometric measurements, because the PE-3
chains spread out on the silica surface, leading to
a smooth and uniform with a low roughness (R,
= 3.2 + 0.7 A), hindering the hydroxyl groups
and thus decreasing the dewetting hydrophile in-
teractions between water and grafted polymer.
Whereas the folded structure of PE-1 leads to a
layer displaying a more patchy structure (islands
of silica surrounded by a grafted polymer sea).
Then, hydrophile interactions between water and
appearing hydroxyl sites can be established giv-
ing higher hysteresis values. In fact, it can be ob-
served that the PE-3 layer is more uniform than
the PE-1 [Fig. 5(a) and (c¢)]. Holes are more evi-
denced in the PE-1 layer. The PE-2 displays an
intermediate structure. It should be noted that
AFM measurements in the z direction (perpendic-
ular to the surface of the specimen) cannot give
an absolute value of the thickness of the layer
because there is no zero reference. The black areas
represent, however, holes with depths varying
from 2 nm to 6 nm, assuming the presence of the
untreated silica at the bottom of them. Thus, the
depth of these holes is in the same range of the
thickness determined by ellipsometry. This fea-
ture was reported previously in articles devoted
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to the determination of the thickness of thin
films. 404!

Thus, the results from wetting measurements,
AFM, and ellipsometry are in agreement and lead
to the same conclusions on the presence and the
structure of the polyethylenes covalently bonded
on a silica surface.

CONCLUSIONS

The grafting efficiency of chlorosilane-terminated
polyethylenes on silica surfaces is demonstrated
by using ?°Si NMR and wetting measurements.
In fact, the large differences in the surface proper-
ties of the grafted chains and the substrate allow
us to check the presence of chemically attached
polymer chains on the surface. The values of the
dry layer thicknesses determined by ellipsometry
and the radius of gyration of the unperturbated
chains for the different molar masses of the func-
tionalized polymer are compared, keeping in mind
the grafting ratios determined by microanalysis
and a general trend in the surface organization of
the tethered chains is then proposed. For the
lower molar mass, the polymer chains display a
pseudobrush-like conformation and for the high-
est molar mass the polymer chains are spread out
on the surface. As a consequence, as evidenced by
atomic force microscopy, the layers prepared from
the lower molar mass silane-functionalized poly-
ethylene displays holes, whereas the high molar
mass PE ones display a more homogeneous sur-
face. These observations are confirmed by the de-
pendence of the wetting hysteresis with the molar
mass of the grafted chains.

This work was done under the financial support of the
M.R.E.S Ministry. The authors would thank Dr. D.
Sage for developing wetting measurements and N. Ver-
del for preparing the polymers.
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