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ABSTRACT: Dense and homogeneous grafted polymer layers were anchored from the melt onto a silicon
wafer modified with a macromolecular anchoring layer rich in epoxy functional groups. A monolayer of
poly(glycidyl methacrylate) (PGMA), attached to silicon wafers, served as the macromolecular anchoring
layer. Carboxylic acid- and anhydride-terminated polystyrenes (PS) of different molecular weights were
used for the grafting. The grafted layers did not dewet at elevated temperatures and did not desorb in a
good solvent under ultrasonic treatment. Comparison of the results for the grafting to the PGMA primary
layer with literature data obtained for the grafting to the epoxysilane monolayer suggested that there
were many similarities between these grafting processes. The same major trends were observed. However,
the grafting to the PGMA layer was much more effective. We attribute the high efficiency of the PGMA
anchoring layer in the grafting reactions to the high mobility of the epoxy reactive groups and formation
of an interpenetrating zone at the PS/PGMA interface.

Introduction

Synthesis of end-grafted polymer layers on a solid
substrate is an effective way to control surface proper-
ties such as adhesion,1 lubrication,2 wettability,3,4 fric-
tion,5 biocompatibility,6 and colloidal stabilization,7,8

which are very important for various technologies.
Factors affecting the preparation and performance of
these layers have been the subject of much theoretical9,10

and experimental research.11-15 Generally, the behavior
of the ultrathin grafted films is strongly dependent on
the density of the chain attachment. Dense grafting of
the macromolecular chains results in formation of a
polymer brush when the chain spacing is under two
radii of gyration (Rg) of the grafted macromolecules.
When the brush regime is attained, the grafted chains
begin to stretch away from the surface to avoid crowd-
ing. Because of the confinement and the uniform
polymer constitution, the brush reacts collectively to
environmental stimuli such as changes of the pH or ion
strength, temperature, solvent quality, or mechanical
forces.16 These brush properties provide the basis for
fabrication of functional devices on a nanometer scale.

There are several major techniques available for
preparation of the grafted layers including physical
adsorption of block copolymers,17 attachment of end-
fuctionalized polymers (“grafting to” method),1,8,12,18 and
polymerization initiated from solid surfaces (“grafting
from” method).3,19-21 Each method has advantages and
limitations and is more suitable for some applications
while less suitable for others. For instance, block co-
polymer adsorption is a simple and reproducible tech-
nique. Nevertheless, it has an important drawback (be-
side low grafting density), since the immobilized poly-
mers do not remain permanently on the surface. When
exceptionally high grafting density is needed, the “graft-
ing from” approach is the only method for brush for-
mation. The polymer brushes grown from the surface

by the conventional radical techniques, indeed, possess
extremely high density of the attached chains.20 How-
ever, the molecular characteristics of such brushes are
not uniform because of their high polydispersity index
and chain transfer reactions.22 Living grafting tech-
niques (anionic and controlled radical) allow synthesis
of the well-defined brushes, but the procedure for
grafting is more complex and the grafting density
obtained by the conventional radical process is not
readily achievable.16,23 In the “grafting to” approach,
end-functionalized polymers react with a suitable sub-
strate surface under appropriate conditions to form a
tethered polymer brush. The advantage of the method
is that well-defined end-functionalized polymers with
a narrow molecular weight distribution can be used for
the grafting and, as a result, well-defined brushes can
be readily synthesized. On the other hand, the technique
has a constraint in terms of the maximum grafting that
can be obtained, namely that the grafting is self-
limiting.16 The grafting polymer chains must diffuse
through the existing polymer film to reach the reactive
sites on the surface. This barrier becomes more pro-
nounced as the tethered polymer thickness increases.
Thus, the typical polymer brush obtained in this way
has relatively low grafting density.

The density of the brush obtained by the “grafting to”
method can be increased if the macromolecules attach-
ment is conducted from a melted state.1,12,24 In fact, the
process of polymer grafting to the interface consists of
two main regimes.25 During the first stage the construc-
tion of the brush is limited by classical diffusion of
polymer chains to the interface. This process is rela-
tively fast, leading to formation of a polymer layer in
which chains start to overlap, creating a barrier to
further adsorption. The second, slower, regime is char-
acterized by a potential barrier that the macromolecules
being grafted have to overcome in order to reach the
surface and become anchored. If the grafting is carried
out from a melt, many polymer chains are already in
location from which they do not need to overpass the
potential barrier, since they are already adjacent to the
surface. The macromolecules only need to reorient
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themselves within the first monolayer in order to expose
the terminal groups to the surface functionalities. This
phenomenon ought to extend the duration of the first
regime of grafting, leading to more efficient chain
anchoring. For the reactions from a melt, the second and
slower stage should start when practically all macro-
molecules that initially have physical contact with the
surface are grafted. Namely, the (dry) thickness of the
grafted layer should surpass 2Rg before the second
regime comes into effect. Experimental data obtained
for the grafting from the melt suggested that, indeed,
the amount of material attached from the melt was
distinctly higher than the anchoring level observed for
the grafting from a good solvent.1,12,24 However, the 2Rg
level was observed only on a few occasions and was not
exceeded even with larger grafting times. The results
implied that some additional factors prevented the chain
addition at higher levels.

Luzinov et al.24 studied grafting of carboxy-terminated
polystyrene from a melt onto silicon substrates modified
with epoxysilane (ES) monolayer. Comparison between
the concentration of epoxy groups present initially on
the surface (2 groups/nm2) and the maximum density
of the grafted chains (0.22 chains/nm2) revealed that the
number of sites available for the grafting was not a
limiting factor for the chain attachment. It has been
proposed that grafting from melt may be controlled by
steric constraints through the limiting free volume
between the grafted molecules that can be accessed by
the late-arriving polymer chain. A simple geometrical
model was discussed that adequately described observed
experimental phenomena (Figure 1a). It was suggested
that the limiting free volume can be characterized by
the distance between the surface and intersection point

of neighboring overlapped grafted macromolecules, d
(Figure 1a). Indeed, this volume correlated with the size
of the monomeric unit and varied little with the molec-
ular weight of the chains being grafted.

In the present work, we report a novel procedure that
allowed a significant increase in the number of end-
functionalized macromolecules per area unit attached
by the “grafting to” method. Dense and homogeneous
grafted polymer layers were anchored from the melt
onto a silicon wafer modified with a macromolecular
anchoring layer rich in epoxy functional groups. Car-
boxylic acid- and anhydride-terminated polystyrenes
(PS) were used for the grafting. A monolayer, of poly-
(glycidyl methacrylate) (PGMA) attached to silicon
wafers, served as a macromolecular anchoring layer.

Experimental Section

ACS grade toluene and methyl ethyl ketone (MEK) were
obtained from Acros Organics and were used as received.
Dodecylamine (DA) from Aldrich was used as received. Highly
polished single-crystal silicon wafers of {100} orientation
(Semiconductor Processing Co.) were used as substrates. The
substrates were first cleaned in an ultrasonic bath for 30 min,
placed in a hot piranha solution (3:1 concentrated sulfuric acid/
acid/30% hydrogen peroxide) for 1 h, and then rinsed several
times with high-purity water. After being rinsed, the sub-
strates were dried under a stream of dry nitrogen in clean
room 100 conditions.

Glycidyl methacrylate from Aldrich was polymerized radi-
cally to give PGMA, Mn ) 24 000 g/mol, PDI ) 1.7 (GPC). The
polymerization was carried out in methyl ethyl ketone (MEK)
from VWR at 60 °C. AIBN from Aldrich was used as an
initiator. The polymer obtained was purified by multiple
precipitations from MEK solution in diethyl ether. PGMA was
dip-coated (Mayer Fientechnik D-3400) from 0.02 wt % MEK
solution. The lower and the upper limits of the dip-coater were
set to enable complete dipping of the substrate. The thickness
of the macromolecular anchoring layer was 1 ( 0.1 nm as
measured by ellipsometry.

Carboxy-terminated polystyrenes of different molecular
weights from 4500 to 672 000 were obtained from Polymer
Source, Inc. (Mn ) 45 900 and 672 000 g/mol) and Aldrich (Mn

) 143 000 g/mol) or synthesized by “living” free radical
polymerization (Mn ) 4500, 16 900, and 28 500 g/mol). All
samples possessed a relatively narrow molecular weight
distribution with Mw/Mn in the range 1.05-1.4. Aliphatic acid-
terminated PS (Mn ) 28 500 g/mol) has been prepared by the
TEMPO method under conditions similar to those described
by Baumert et al.26 1.2 mol of styrene was heated together
with 3.3 mmol of TEMPO and 3.3 mmol of 4,4′-azobis(4-
cyanopentanoic acid) to 130° C for 24 h. 0.1 g of camphersul-
fonic acid was added to the system in order to accelerate the
rate of polymerization and to reduce the autopolymerization
reaction of styrene.27 To avoid any unwanted side reaction
during the sample preparation, the TEMPO group was re-
moved by oxidation with m-chloroperbenzoic acid.28 As initiator
for the atom transfer radical polymerization (ATRP) 4-(1-bro-
moethyl)benzoic acid has been used, resulting in benzoic acid-
terminated PS (Mn ) 4500 and 16 900 g/mol).29 The polymer-
ization was catalyzed by 2,2′-bipyridine and CuBr and car-
ried out at 130° C. In an analogous manner, a phthalic
anhydride-terminated PS was synthesized using 4-(bromo-
methyl)phthalic anhydride as initiator (Mn ) 11 900 g/mol,
Mw/Mn ) 1 0.42).

The initial polystyrene film was dip-coated from 0.7 wt %
toluene solution onto wafers modified with a PGMA anchoring
layer. The thickness of these polystyrene films, measured by
ellipsometry, was 40 ( 5 nm. The specimens were annealed
in a vacuum oven preheated to 150 °C to enable the end groups
to react with the epoxy modified substrate. At high tempera-
ture, carboxylic groups are able to react with the epoxy groups
of PGMA.30 The grafting time was limited to 18 h, in view of

Figure 1. Schematic representation of (a) two neighboring
grafted chains and definition of the limiting distance d, (b)
reactive polymer attached to substrate, and (c) movement of
the functional groups of the reactive polymer in the direction
of the end-functional groups of the grafting macromolecules.
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the fact that the previous investigation showed no significant
changes at longer times.24 In addition, a significant increase
of grafting time beyond several days would increase the
chances for local thermal destruction. The unbonded polymer
was removed by multiple washing with toluene, including
washing in an ultrasonic bath.

Ellipsometry was performed with a COMPEL discrete
polarization modulation automatic ellipsometer (InOmTech,
Inc.) at an incidence angle of 70°. A four-layer model (silicon
substrate + silicon oxide layer + PGMA anchoring layer +
polymer layer) was used to simulate experimental data. The
refractive indices used to calculate the thickness of PGMA and
polystyrene layers were 1.525 (calculated according to Van
Krevelen31) and 1.59,32 respectively. Original silicon wafers
from the same batch and silicon wafers with a PGMA anchor-
ing layer were tested independently and were used as refer-
ence samples for the analysis of grafted polymer layers.
Scanning probe microscopy (SPM) studies were performed on
a Dimension 3100 (Digital Instruments, Inc.) microscope.
Tapping mode was used here to study the morphology of these
films in ambient air. Silicon tips with a spring constant of 50
N/m were used to scan surfaces. Imaging was done at scanning
rates in the range of 1-2 Hz. (After scanning the area of
interest the samples were visualized with tapping mode by
zooming out the scanned area to ensure that substrate was
not damaged during the imaging.) The root-mean-square
(RMS) roughness of our samples was evaluated from the SPM
images recorded. RMS roughness is the standard deviation of
feature height (Z) values within a given area:33

where Zave is the average Z value within the given area, Zi is
the current Z value, and N is the number of points within a
given area.

To characterize the polymer layers, several parameters have
been evaluated.34 The surface coverage (adsorbed amount), Γ
(mg/m2), was calculated from the ellipsometry thickness of the
layer, h (nm), by the following equation:

where F is the density of attached macromolecules. The density
of PGMA (1.08 g/cm3) was assumed to be the same as for poly-
(propyl methacrylate).31 The density of PS used in our calcula-
tions was 1.05 g/cm3.31

The chain density, Σ (chain/nm2), i.e., the inverse of the
average area per adsorbed chain, was determined by

where NA is Avogadro’s number and Mn (g/mol) is the number-
average molar mass of the grafted polymer.

The distance between grafting sites, D (nm), was calculated
using the following equation:

The free energy of mixing (∆GM), and thus miscibility, was
estimated for the PS/PGMA pair by the Flory-Huggins
equation:35

where ν1 and ν2 are volume fractions of two components, V1

and V2 are volumes per polymer molecule, K is Boltzmann’s
constant, V0 is the volume occupied by N0 number of cells in
Flory-Huggins theory (taken as 1 cm3), and Vx is given by35

where Z is the lattice coordination number, ranging from 6 to
12, and VR is the volume occupied by a monomer unit. In our
calculations the geometrical mean of PS and PGMA monomer
unit’s volumes and Z ) 10 were used.

The interaction parameter, ø, for the PS/PGMA pair was
estimated by use of the following equation:35

where Vr is the molar volume of monomer unit of the polymer,
δ1 and δ2 are the solubility parameters of PS and PGMA, R is
the universal gas constant, and T is the temperature in kelvin.
The geometrical mean of Vr for the PS and PGMA monomer
units was used. Here the solubility parameters were estimated
using the atomic increments approach proposed by Askadskii.36

Calculated values of the solubility parameter are 18.65 and
20.49 (J/cm3)1/2 for PS and PGMA, respectively.

The interphase thickness was approximated by the following
equation:37

where a is the statistical segment length and N1 and N2 are
the degrees of polymerization of two polymers (N2 ) 169
(PGMA)). The statistical segment length for PGMA and PS
was assumed to be 0.6 nm.35

Results and Discussion
Macromolecular Anchoring Layer Approach.

There are two common approaches for the attachment
of polymeric chains by the grafting to method. The first
one involves the formation of a monolayer consisting of
functional groups (e.g., epoxy, amino, or hydroxy) active
toward terminally functionalized polymer.24,38,39 A dif-
ferent approach relies on the reactions between end-
functionalized chains and native functional groups
originally present on the substrate surface.8,11,12 Silane,
thiol, and epoxy chemistries have proved to be suitable
for the grafting in this case. A common feature of the
two approaches is a restricted mobility of the functional
groups located on the surface. As a result, at higher
grafting densities the screened reactive groups cannot
be reached by the end functionalities of the macromol-
ecules being attached.

An alternative method for synthesis of the grafted
polymer layers involves a primary polymer (mono)layer,
active toward both surface and end-functionalized mac-
romolecules. The primary polymer (mono)layer can be
prepared from linear40-42 or hyperbranched43,44 macro-
molecules. The polymer is used for the initial surface
modification as well as generation of the highly reactive
anchoring layer (Figure 1b). When deposited on a
substrate, the layer first reacts with the surface through
formation of covalent bonds. The reactive units located
in the “loops” and “tails” sections of the attached
macromolecules are not connected to the surface.45

These free groups offer the potential for the further
modifications by chemical synthesis and serve as reac-
tive sites for the subsequent attachment of the end-
functionalized macromolecules. The major difference
between this method of surface activation and the
traditional self-assembled monolayer approach lies in
the mobility of functional groups located in the loops
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and tails of the adsorbed macromolecule. In fact,
throughout the grafting, not only are the end-functional
groups of attaching macromolecules migrating toward
the surface located reactive sites but also the reactive
sites may be moving in the direction of the end groups
(Figure 1c).

PGMA Primary Layer. We used PGMA to form a
reactive anchoring polymer layer. A polymer with epoxy
functionality was chosen, since the reactions of epoxy
groups are quite universal and can covalently anchor
PGMA to the substrate surface.40 The glycidyl meth-
acrylate units located in the “loops” and “tails” sections
of the attached PGMA chain were not connected to the
substrate (Figure 2a). These free groups could serve as
reactive sites for the subsequent attachment of PS
macromolecules with complementary functional groups.

The silicon wafers coated with the PGMA layers
(thickness 1 nm) were rinsed with a number of highly
polar solvents including DMSO and THF. The layers
could not be removed from the wafer by the solvent
action, suggesting that PGMA was chemically bonded
to the surface (Figure 2b).40 SPM studies of PGMA
layers revealed that the films were smooth and homo-
geneous. Figure 3a demonstrates that the PGMA layer
uniformly covered the substrate surface on the mi-
crolevel. Morphology of the primary polymer layer on
the nanolevel is shown in Figure 3b. The layer was
molecularly flat with an RMS roughness at less than
0.3 nm.

During the grafting of PS to the PGMA layer at
elevated temperature, beside reaction between carboxy
groups of PS and epoxy functionalities of PGMA, self-
cross-linking of the PGMA film may occur. The cross-
linking reactions can reduce the surface concentration
of the epoxy moieties available for the grafting. To study
the degree of the deactivation, dodecylamine (DA) was
attached to the ultrathin PGMA films. This low molec-
ular weight substance was used as a probe for the
presence of the accessible epoxy groups. The PGMA
samples were preliminarily annealed at 120 °C in vacuo
for different amounts of time to bring on the PGMA self-
cross-linking. The amine attachment was carried out
in warm (40 °C) toluene solution for 12-16 h. The extent
of the DA grafting was measured by ellipsometry. The
experiment demonstrated that approximately 40% of

epoxy groups were still available for the DA attachment
after 4 h of annealing. The drop in initial activity of the
adsorbed PGMA toward the DA anchoring occurred
almost immediately after the sample was heated.

Grafting Capacity of PGMA Layers. The adsorbed
concentration, Γ, of PGMA, constituting a layer of 1 nm
thickness, was 1.08 mg/m2. This corresponds to 0.027
PGMA chains/nm2 or 4.5 epoxy groups/nm2. The value
of 4.5 epoxy groups/nm2 represents the upper bound for
the surface concentration of the epoxy functionalities.
There is no doubt that the fraction of these groups
responsible for the PGMA attachment to the surface was
located in the train sections of the adsorbed chain. These
glycidyl methacrylate units, as well as the units involved
in the PGMA self-cross-linking during the grafting, are
not available for the attachment reactions. According
to Fleer et al.,45 the train fraction for relatively high
molecular weight polymer adsorbed on the surface is
about 0.15-0.25. Additionally, a maximum of 60% of
the epoxy groups in the loops and tails may be lost due
to self-cross-linking. Therefore, we estimate that the
PGMA layer used in this work had a surface concentra-
tion of active epoxy groups offered for the grafting at
not less than 1.3 groups/nm2. This (lower bound) value
was comparable with the surface concentration previ-
ously reported for an ES monolayer (maximum 2 epoxy
groups/nm2).24

When end-functionalized polymer is grafted from the
melt to a surface modified with the primary anchoring
layer, interdiffusion phenomena have to be considered.46

Typically, interpenetration at the interface may range
from a depth of several angstroms to several nanom-
eters, depending on the statistical segment length, the
degree of polymerization, and the interaction parameter

Figure 2. Schematic representation of (a) PGMA adsorbed
on surface and (b) chemical bonding of the PGMA layer to the
surface.

Figure 3. SPM topography images of PGMA primary mono-
layer deposited on the silicon wafer: (a) 10 × 10 µm; (b) 1 ×
1 µm. Vertical scale: (a) 10 nm; (b) 5 nm.
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ø. If the interpenetration is minute, the grafting chains
can access only glycidyl methacrylate units located at
the surface of the PGMA films. Opposite, and more
favorable for the grafting situation, is when the PS
completely penetrates into PGMA film. Then, virtually
all epoxy groups (that are not attached to the surface
or lost due to cross-linking) are available for the
reaction.

The thermodynamical miscibility for PGMA/PS pair
at the grafting temperature used in the present study
(150 °C) was estimated by eq 5 for different molecular
weights of PS. The calculations revealed that ∆GM > 0
in our experimental conditions, and consequently, there
is no thermodynamical miscibility even for PS possess-
ing the lowest molecular weight. Thus, when PGMA and
PS are in contact, the interdiffusion zone has to be
formed. The extent of interpenetration at the interface
(or width of PS/PGMA interphase) was approximated
by eq 8. According to the estimations, the extent of
interpenetration of PS in PGMA varied from 1.8 nm for
PS possessing the lowest molecular weight (4500 g/mol)
to 1.5 nm for PS with the highest Mn (672 000 g/mol).
Thus, PS has to penetrate extensively inside the PGMA
layer possessing a thickness of 1 nm. The random
diffusion of PS molecules into the PGMA layer leads to
formation of a complex surface with fractal character-
istics.47 This process increases the dimensionality of the
PGMA film (to d > 2) compared to that of a functional
self-assembled monolayer deposited on silicon wafer. In
this scenario, the epoxy functional groups positioned
inside the primary anchoring layer are available for the
grafting. The reactive epoxy units located in the tails
and loops of the adsorbed PGMA macromolecules can
migrate in the direction of the end groups (Figure 4a).
Accordingly, grafting at different levels offers higher
grafting density (Figure 4b).

It is necessary to mention that the miscibility and
interphase equations, applied in the present study, have
been developed for polymer chains in contact that are
free to move and explore space with their entire
contours. Therefore, the estimations by eqs 5 and 8 can
be considered only as rough estimations in our case,
since the adsorbed macromolecules are much more
restricted in their movements. On the other hand, the
adsorbed polymer chain consists of the trains, loops, and
tails of particular length. And the number of monomeric

units in the loops and tails pinned to the surface by
trains is much lower than the degree of polymerization
of the adsorbed macromolecule. Thus, it may be es-
sential to consider contact between the loops and tails
of PGMA with penetrating PS molecules and not the
contact of PS with the entire PGMA chain. The loops
and tails possessing lower molecular weight may per-
haps form a more extended interphase with PS and even
appear to be miscible with the penetrating chains.

PS Grafting to Primary Polymer Layer. To high-
light features and distinctions of the grafting to the
macromolecular anchoring layer, results on the PS
grafting to the layer were compared with those found
in a study on PS grafting to the ES monolayer deposited
on silicon wafer.24 For this purpose, we have used the
same PS samples and experimental procedure for the
grafting and sample treatments. An attempt was made
to conduct direct comparison between grafting to the
functional self-assembled monolayer with restricted
mobility of the reactive sites and the grafting to a
macromolecular monolayer that possessed the same
reactive sites, but in which the sites are capable of
migrating toward the end functional groups of the
chains being grafted.

Figure 5 presents topographical images of high,
medium, and low molecular weight polystyrene layers
grafted to the macromolecular anchoring layer at 150
°C. For all molecular weights, anchored polystyrene
chains homogeneously covered the substrate and pos-
sessed very fine surface texture. The PS grafted layer
did not dewet at high temperature or desorb in a good
solvent under ultrasonic treatment. RMS roughness was
0.4 ( 0.15 nm within a 1 × 1 µm2 area for all polymers
grafted to the PGMA anchoring layer, while it was 0.25
( 0.05 nm for all polymers grafted to the ES monolayer
(Figure 6). The increase in the surface corrugation can
be attributed to the formation of the segmental inter-
diffusion zone between PS chains being grafted and
loops/tails of adsorbed PGMA (Figure 4).

The surface coverage, Γ, initially increases for the
range 43 < N < 440 (N is the degree of polymerization),
passes through a maximum at N ) 440, and then
decreases (Figure 7a). This trend is in good agreement
with that obtained for grafting to the ES self-assembled
monolayer. The maximum is close to the critical en-
tanglement molecular weight of PS, MC, which is 31 200
g/mol (NC ) 300).47 However, it is necessary to stress
that the surface coverage and hence the thickness of
the PS grafted to PGMA layer are 2-3-fold greater than
those obtained for the ES monolayer. The observed
result demonstrates that increased mobility of the
reactive groups located in tails/loops sections of the
adsorbed PGMA does cause the significant increase in
the grafting efficiency. Accordingly, higher grafting
density was reached when PGMA primary layer was
employed for the grafting (Figure 7b).

Figure 8 shows how the distance between grafting
sites (D), reduced to twice the radius of gyration for the
PS macromolecule (2Rg), varies with the degree of
polymerization of the grafted polymer. Rg for the PS
macromolecules was calculated from the following equa-
tion:24

The dependence demonstrates minima for intermediate
molecular weights of PS in the cases of PGMA and ES.

Figure 4. Schematic representation of (a) formation of
PS/PGMA interpenetration zone and (b) grafting at different
levels.

Rg ) a(N/6)1/2 (9)
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The minimum corresponds to MC of PS, which confirms
highest grafting density at Mn ≈ MC. The decrease in
grafting density for Mn > MC can be attributed to the
very low rate of interfacial reaction for high molecular

weight polymers due to slow diffusion/reorientation of
the entangled chains.48-50 For polymers with Mn > MC,
the reaction rate constant decreases by several orders
of magnitude, due to which the reactive ends become
kinetically trapped within the limited distance from the
surface. This prevents a high grafting density for the
grafting time of 18 h under investigation.

The ratio of ellipsometry thickness, h, to 2Rg (h/2Rg)
can be considered as a measure of chain stretching
within the grafted layer. Figure 9 shows that the grafted
layers are somewhat squashed along the surface normal
for all molecular weights of PS grafted to the ES
monolayer. In the case of polymers grafted to the
PGMA-modified surface the PS chains are significantly
stretched for Mn < MC. Actually, owing to the high
density of attachment, the macromolecules expanded
well beyond the unperturbed coil dimensions (2Rg).

Figure 5. SPM topographical images (1 × 1 µm) of grafted PS layers possessing different molecular weights (a) 4500, (b) 45 800,
and (c) 672 000 g/mol grafted to 1 nm PGMA layer. Vertical scale: 10 nm.

Figure 6. Roughness of the grafted layers vs degree of
polymerization (N) of grafted PS chains. (Data for ES mono-
layer are taken from ref 24.)

Figure 7. (a) Surface coverage, Γ (mg/m2), and (b) grafting
density, Σ (chains/nm2), vs degree of polymerization (N) of
grafted PS chains. (Data for ES monolayer are taken from ref
24.)

Figure 8. Distance between grafting sites (D) reduced to 2Rg
vs degree of polymerization (N) of grafted PS chains. (Data
for ES monolayer are taken from ref 24.)

Figure 9. Height of the grafted layer (h) reduced to 2Rg vs
degree of polymerization (N) of grafted PS chains. (Data for
ES monolayer are taken from ref 24.)
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However, the grafted layers synthesized from the mac-
romolecules possessing high molecular weight are still
compressed along the surface normal. It was observed
for the ES system24 that a nonlinear function of the type
Σ ∝ N-δ gives a reasonable description of the experi-
mental grafting data. The parameter δ was in the range
0.4-0.6. Figure 10 shows that indeed δ ) 0.6 also gives
a reasonable fit for the current experimental data on
the grafting to a PGMA anchoring layer.

Comparison of the results, for the grafting to the
PGMA primary layer with earlier data collected for the
ES monolayer, suggests that there are more similarities
than differences between those grafting processes. The
same major trends were observed. However, the grafting
to the PGMA monolayer was much more effective. It
revealed that the reactive epoxy units located in the tails
and loops of the adsorbed PGMA are more accessible
than the reactive sites of ES monolayer. Thus, steric
constrains in between two grafted chains, which may
prevent grafting of additional chain end, turn out to be
less pronounced in the PGMA case.

In the framework of the simple model proposed in ref
24 (Figure 1a), an increase of the degree of overlapping
(decrease of D) effectively leads to increased “screening”
of the surrounding surface. From geometrical consid-
eration, the following relationship was obtained:

which is valid for Rg > 2d. In the course of the grafting,
the distance between the anchored chains decreases to
the level at which the segments with the restricted
mobility overlap. The mobility of these segments is
limited, since they or their neighbors are chemically
connected to the surface. At such a critical distance, the
surface becomes screened, and there is not enough free
volume in the vicinity of the interface for another
segment to access a binding site. It was suggested that
the limiting free volume could be characterized by the
distance between the surface and the intersection point
of neighboring overlapped grafted macromolecules, d,
in their unperturbed state. By plotting D2 vs 2Rg, the
critical distance d can be estimated.

Figure 11 shows the D2 against 2Rg dependence for
the PS layers grafted to the PGMA adsorbed on the
surface. Only data for the polymers with molecular
weight close to and lower than MC were used for the
correlation, since the grafting definitely approached
equilibrium in this case. Indeed, the dependence was
virtually a linear fit. The slope of the fit corresponded
to d ) 0.13. The slope for the grafted layers on an ES
modified surface gave d ) 0.23. The lower d value for

the PGMA system confirmed that the macromolecular
anchoring layer made the epoxy sites more accessible
to the end-functional groups of the polystyrene chains.

Conclusions

Dense and homogeneous grafted polymer layers were
permanently anchored from the melt onto a silicon
wafer modified with the PGMA anchoring layer. The
glycidyl methacrylate units located in the loops and tails
sections of the attached PGMA chain were not connected
to the substrate and served as reactive sites for the
subsequent attachment of PS macromolecules with a
carboxyl functional group. The grafted layers did not
dewet at elevated temperatures and did not desorb in
a good solvent under ultrasonic treatment. Comparison
of the results for the grafting to the PGMA primary
layer with published data obtained for the ES monolayer
suggests that there are many similarities between these
grafting processes. The same major trends were ob-
served. However, the grafting to the PGMA layer was
much more effective. It appears that the epoxy groups
located in the loops/tails of the adsorbed PGMA mac-
romolecule are more accessible to the end-functional
groups of polystyrene when compared to ES with
terminal epoxy groups located mainly at the monolayer
surface. It is the author’s determination that the high
efficiency of PGMA in the grafting reactions is related
to the high mobility of the epoxy reactive groups and to
the formation of an interpenetrating zone at the
PS/PGMA interface.
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