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ABSTRACT: The adsorption of block copolymers from a homopolymer matrix is studied as a function of
nonadsorbing block length and adsorbing block type. The copolymers are poly(deuterated styrene-block-
methyl methacrylate), dPS-b-PMMA, and poly(deuterated styrene-block-(dimethylamino)ethyl meth-
acrylate), dPS-b-PDMAEMA, where the PMMA and PDMAEMA blocks adsorb to silicon oxide, SiOx, and
the dPS block extends into a polystyrene, PS, matrix. Using neutron reflectivity and low-energy forward
recoil spectrometry, the volume fraction profile, φ(z), copolymer interfacial excess, z*, interfacial width,
w, and adsorbed layer thickness, h, are investigated as a function of the degree of polymerization of the
dPS block, NdPS. For NdPS < 200, the distance between grafted copolymer chains, D, is greater than the
dPS radius of gyration, Rg, whereas for NdPS > 200, D is less than Rg. Thus, a crossover from a collapsed
to a stretched conformation occurs near the NdPS for entanglements in PS. Correspondingly, z*, w, and h
strongly increase as NdPS increases. Using an adsorbing block-substrate interaction parameter that
depends on the adsorbing block length, self-consistent mean-field predictions of φ(z), z*, w, and h are in
very good agreement with experimental results. By considering the fraction of adsorbing block segments
in direct contact with the wall, the segmental interaction energies between MMA and SiOx and DMAEMA
and SiOx are about -0.8 kBT and -1.1 kBT, respectively, consistent with a stronger affinity of DMAEMA
to the oxide.

1. Introduction

The properties of adhesives, coatings, colloidal stabi-
lizers, and paints strongly depend on the affinity
between polymers and inorganic substrates as well as
the conformation of these adsorbed polymers. Although
interfacial properties are determined by these two
factors, the interaction strength between a polymer and
a substrate cannot be easily determined experimentally
and is not readily available in the literature. In fact,
few experimental studies attempt to measure the
strength of these interactions.1-9 However, the polymer
conformation near interfaces has been studied theo-
retically2,9-11 and experimentally.12-16 The goals of our
study are to investigate the effects of the nonadsorbing
block length on the conformation of adsorbed molecules
at the polymer/substrate interface and to understand
how these interfacial characteristics depend on the
polymer-substrate interaction by changing the adsorb-
ing block type.

In general, the interactions between a polymer chain
and substrate are due to van der Waals or other
secondary bonds. Furthermore, the strength and type
of interactions with the substrate, which determine the
conformation of the adsorbed polymer molecules at the
interface, are influenced by the degree of polymeriza-
tion, DP, the Flory-Huggins segment-segment inter-
action parameter, ø, and the affinity between each
segment and the substrate. Thus, in addition to anchor
strength, the degree of interpenetration between the

free ends of the adsorbed chains and the matrix chains
can promote adhesion. For the case of an adsorbed block
copolymer in a homopolymer matrix, the interfacial
width and chain conformation near the interface are
mainly governed by the DPs of the matrix, P, and the
nonadsorbing block, NdPS, as well as the strength of the
interaction between the adsorbing block and the sub-
strate.

For a poly(deuterated styrene-block-methyl meth-
acrylate), dPS-b-PMMA, block copolymer adsorbed to
silicon oxide, SiOx, from a polystyrene, PS, matrix, the
dPS interfacial excess, z*, has been shown to initially
increase rapidly with P and then become constant for
P > 2NdPS.2 Oslanec et al.2 have attributed this behavior
to the increasing entropic repulsion of matrix chains
from the adsorbed block copolymer. Thus, as P in-
creases, the molecules cross over from a stretched to a
collapsed conformation. Using low-energy forward recoil
spectrometry, LE-FRES, and neutron reflectivity, NR,
Oslanec et al.9 have also studied block copolymer
adsorption as a function of matrix species. For dPS-b-
PMMA adsorbed at the film/SiOx interface from a poly-
(styrene-ran-4-bromostyrene), PBryS, matrix, z* was
found to decrease as the bromostyrene mole fraction, y,
was systematically increased. Assuming that the PBryS
chains did not interact with the substrate, self-consis-
tent mean-field, SCMF, calculations predicted that z*
increased as y increased because of the unfavorable
PBryS-dPS interaction. Upon including a small attrac-
tion between PBryS chains and SiOx, z* decreased as y
increased in agreement with experiment. Thus, SCMF
results showed that PBryS competed with dPS-b-PMMA
for SiOx and effectively canceled the expected increase
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in dPS-b-PMMA adsorption due to the unfavorable
interaction between dPS and PBryS. In the present
paper, the interaction strength between the adsorbing
block of the copolymer and the substrate is varied
directly by changing the anchoring block type rather
than the matrix species.

Using NR, Retsos et al.10 studied the adsorption of
diblock copolymers as a function of the ratio of adsorbing
to nonadsorbing block lengths. By varying the ratios of
block lengths, the nonadsorbing block was found to form
either a “wet brushlike” or a “mushroomlike” conforma-
tion with a transition occurring over a wide range of
block lengths. In these studies, the nonadsorbing block
length was fixed and the anchoring block varied. In the
present system, the adsorbing block length is kept
nearly constant whereas the nonadsorbing block length
varies by 1 order of magnitude from NdPS ) 94 to 933.
This range is particularly interesting because the dPS
block varies from shorter to longer than the entangle-
ment DP of PS, Ne, ) 194.17

Figure 1 represents a volume fraction profile of an
adsorbed layer, φ(z). From this profile, one can deter-
mine the interfacial excess, z*, the thickness of the
adsorbed layer, h, and the interfacial width between the
adsorbed layer and the bulk, w. In Figure 1, the
interfacial excess, z*, is defined as the area under φ(z)
in excess of the bulk volume fraction, φ∞. Thus, z* is
described by

Knowing z*, the graft density of chains can be deter-
mined:

where F is the polymer density, Nav is Avogadro’s
number, and M0 is the relative molar mass of a PS
monomer. The thickness of the adsorbed layer is defined
by

The interfacial width, w, is determined by the slope of
the profile at the inflection point as shown in Figure 1.
A steep slope indicates a narrow interface with little
interpenetration between the adsorbed layer and the
free matrix and copolymer chains. On the other hand,
a broad interface suggests a high degree of interdigita-
tion between adsorbed and free chains.

The interfacial characteristics represented in Figure
1 are governed by the molecular parameters of the
system. As shown in the inset of Figure 1, these
parameters include the DPs of the matrix, P, the
nonadsorbing block, NB, and the anchoring block, NA.
Moreover, segment-segment interaction parameters
and the interaction energies between segments and the
substrate are important. In this paper, the adsorbed
copolymer is found to vary from a collapsed to a
stretched conformation as NdPS increases from 94 to 933.
The experimental volume fraction profiles are in very
good agreement with those from a SCMF model con-
taining only one fitting parameter, namely the inter-
action strength between each copolymer block and the
substrate, Σ. By including the fraction of anchoring
monomers in contact with the substrate, a constant
segment interaction energy, ε, is observed.

2. Experimental Section

2.1. Materials and Sample Preparation. Two types of
asymmetric block copolymers were synthesized using anionic
polymerization. The first is poly(deuterated styrene-block-
methyl methacrylate), dPS-b-PMMA, with the four molar
masses listed in Table 1. The three highest molar mass
copolymers have a nearly constant DP for the adsorbing
PMMA block (NPMMA ≈ 40) and a varying dPS dangling block
length, NdPS, which extends away from the substrate. To
investigate the role of entanglements, NdPS was varied from
94 to 933. For comparison, Ne of PS is 194.17 The second block
copolymer is poly(deuterated styrene-block-(dimethylamino)-
ethyl methacrylate), dPS-b-PDMAEMA, having the two molar
masses listed in Table 2. Note that both NdPS and NPDMAEMA

were varied. Tables 1 and 2 also include the copolymer molar
masses and polydispersity indexes, PDI, which were both
determined by size exclusion chromatography. The chemical
composition (NPMMA and NPDMAEMA) was characterized by 13C
nuclear magnetic resonance.

Because the interaction of the dPS block with SiOx is
relatively weak,2,9 the PMMA and PDMAEMA blocks are
responsible for anchoring each copolymer to the substrate.4,18

These copolymers were blended into a matrix of PS with a
degree of polymerization, P, and PDI of 1923 and e1.06,
respectively. The PS was purchased from Pressure Chemical.
The PS matrix represents a nearly neutral environment for
the dPS blocks of both copolymers. To ensure that the
interfacial characteristics are independent of P, all blends
obeyed the condition P > 2NdPS.2

Silicon oxide surfaces were prepared by first etching as-
received silicon wafers for 3 min in a hydrofluoric acid:water

Figure 1. Schematic of the volume fraction profile of an
adsorbed layer. The interfacial characteristics are defined:
interfacial width, w, adsorbed layer thickness, h, and inter-
facial excess, z*. The surface and bulk volume fractions are φ1
and φ∞, respectively. The system parameters are noted in the
inset, where NA, NNA, and P represent the DP of adsorbing
block, nonadsorbing block, and matrix, respectively.

z* ) ∫0

∞
dz (φ(z) - φ∞) (1)

σ ) z*FNav/(NdPSM0) (2)

h ) (1/z*)∫0

∞
z(φ(z) - φ∞) dz (3)

Table 1. Characteristics of dPS-b-PMMA Block
Copolymers

Mw (g/mol) Mw,dPS (g/mol) NdPS NPMMA PDI

11 000 9 800 94 10 1.21
22 500 17 600 169 48 1.20
50 000 46 280 445 37 1.21

110 000 104 700 933 44 1.05

Table 2. Characteristics of dPS-b-PDMAEMA Block
Copolymers

Mw (g/mol) Mw,dPS (g/mol) NdPS NPDMAEMA PDI

43 000 39 990 356 19 1.20
76 500 75 720 676 6 1.11
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solution (1:7) to remove the native oxide. Then wafers were
placed in an ultraviolet ozone cleaner for 10 min to grow a
clean SiOx layer. The SiOx characteristics were given previ-
ously.19 The polymer films were prepared by spin-coating a
solution of 3.0 wt % polymer in toluene at 2000 rpm for 60 s
on a fresh SiOx surface. The solutions were filtered prior to
spin-casting to remove dust particles. The polymer concentra-
tions were 5 vol % diblock copolymer (dPS-b-PMMA or dPS-
b-PDMAEMA) and 95 vol % PS. The polymer films were dried
in a vacuum oven at 110 °C (above the glass transition
temperature of PS) for 12 h to ensure complete solvent
removal. The film thickness values measured by ellipsometry
ranged from 178 to 183 nm. After drying and prior to analysis,
samples were annealed in a vacuum oven at 175 °C for 5 days.
This annealing time was long enough to ensure equilibrium
adsorption.2 For selected studies, LE-FRES experiments were
also performed on samples containing only bound copolymer.
Annealed samples were immersed in toluene for approximately
48 h to remove free matrix and block copolymer chains and
then dried overnight in a vacuum oven at 110 °C. Relative to
the blend films, the LE-FRES spectrum of the copolymer alone
had a greatly improved signal-to-noise ratio which was par-
ticularly important for determining the low z* values for short
copolymers, i.e., NdPS < Ne.

2.2. Neutron Reflectivity and Low-Energy Forward
Recoil Spectrometry. LE-FRES and NR experiments were
performed to determine the interfacial characteristics of the
adsorbed layer. From in-house LE-FRES experiments, z* of
the dPS block was measured using a 2.0 MeV He+ ion beam
at 15° incident and exit angles with respect to the polymer
film and a 6 µm Mylar stopper filter. Under these conditions,
LE-FRES has a depth resolution of 50 nm at the surface and
60 nm at 180 nm beneath the surface. Interfacial excess values
as low as 0.5 nm can be measured under these conditions.
Conventional LE-FRES has been described elsewhere.20 Be-
cause of its superior depth resolution, ≈0.3 nm, NR can be
used to determine the volume fraction profile of the adsorbed
copolymer as well as the interfacial characteristics (h, w, and
σ).

The NR experiments were performed at the National Cold
Neutron Research (NCNR) facility at the National Institute
of Standards and Technology (NIST) on the NG7 Reflecto-
meter. The principles of NR have been described elsewhere.21

Because reflectivity is obtained in reciprocal (momentum)
space, different depth profiles can sometimes be used to predict
reflectivities in good agreement with the measured reflectivity.
For this reason LE-FRES is particularly useful because it can
eliminate complications such as surface segregation and
provide input parameters for NR fitting. The NR data were
evaluated using an error function to capture the interfacial
profile of the copolymer adsorbed to SiOx. The error function
profile has two variable parameters, an offset and a width,
which can be used to simulate either an exponential decay or
a parabolic profile. The reflectivity was calculated using a
recursive routine. The profile was divided into 50 layers having
different thicknesses but the same change in neutron scatter-
ing length density (i.e., volume fraction) between adjacent
layers.6 The fits were minimized using a downhill simplex
fitting routine.22

3. Self-Consistent Mean-Field Model

A SCMF model was used to simulate the block
copolymer volume fraction profile at the polymer/solid
interface. The SCMF model followed the approach
developed by Shull and Kramer.23,24 In brief, the model
assumed a segment density profile to determine a mean
field, which was then used to solve a diffusion equation
that recalculated a new segment profile. The lattice size
is based on the styrene monomer, 0.67 nm. The input
parameters for the SCMF model reflect the materials
characteristics, blend thermodynamics, and block-
substrate interaction parameters. For the PS:dPS-b-

PMMA system the input parameters that were held
constant include NPMMA, NdPS, P, øPMMA-dPS, øPMMA-PS,
and ødPS-PS. For the PS:dPS-b-DMAEMA system, the
fixed input parameters were NPDMAEMA, NdPS, P,
øPDMAEMA-dPS, øPDMAEMA-PS, and ødPS-PS. The only pa-
rameter that was allowed to vary was the interaction
energy between the adsorbing block and substrate,
ΣPMMA-SiOx (or ΣPDMAEMA-SiOx). From Σ, the segment
interaction energy, ε, can be determined. The interaction
energies between the nonadsorbing block and substrate
as well as the matrix and substrate were taken as 0. In
the simulations, the dPS block and PS interactions with
the SiOx substrate were too weak to have a measurable
effect on interfacial properties. For example, the inter-
facial properties changed by 5% at most if a small
attractive interaction of -0.01kBT between PS and dPS
segments with SiOx substrate was assumed. Note that
this value is 1 order of magnitude weaker than the ε
between PMMA and SiOx. This observation is consistent
with those of Oslanec et al.2,8 Therefore, only one input
parameter ΣPMMA-SiOx (or ΣPDMAEMA-SiOx) was systemati-
cally varied until the SCMF profile fell into good
agreement with the experimental profile (cf. Figures 8
and 9).

4. Results and Discussion

4.1. Interfacial Characteristics of PS:dPS-b-
PMMA Films. For the PS:dPS-b-PMMA system, the vol
% of dPS-b-PMMA in the blend is 5. The PS matrix had
a P ) 1923 (>2NdPS). Parts a and b of Figure 2 show
the experimental reflectivity, R (solid circles), vs wavevec-
tor, k, for the dPS-b-PMMA with the shortest, 94, and
the longest, 933, blocks of dPS, respectively. The oscil-
lations are mainly due to constructive interference of
neutrons from the top and bottom of the film surfaces.
The calculated R values (solid lines) are determined
from the volume fraction profiles shown in Figure 2c
(for NdPS ) 94) and Figure 2d (for NdPS ) 933). As
previously discussed, the profiles were fitted to error
functions, which, depending upon the offset and width
of the function, can be simulated to exponential decays
or parabolic profiles. For the shortest block (cf. Figure
2c) the profile shape is exponential-like and described
by the function φ(z) ) 0.04 + 0.75 exp[(-z/2.55).
However, for the longest block (cf. Figure 2d) the shape
is parabolic-like and given by φ(z) ) 0.57787(1 -
0.00002z2). In both profiles, the vol % of dPS-b-PMMA
in the bulk is 4 accounting for the conservation of mass,
and z has units of nanometers. Based on the profiles
for all four copolymers, the optimum profile shape is
more exponential-like for NdPS < Ne and parabolic-like
for NdPS > Ne. Thus, as NdPS increases, the dPS block
extends further into the matrix, resulting in a broader
interfacial width. The dPS-SiOx interface is at depth
0. Note that the depletion of dPS near the oxide for NdPS
) 933 (cf. Figure 2d) suggests that the PMMA anchor
layer becomes thicker (i.e., more loops) and makes fewer
contacts with the oxide. This issue will resurface when
the SCMF results are interpreted. Finally using eq 1,
z* can be calculated and is found to increase from 1.9
to 5.9 nm as NdPS increases from 94 to 933, respectively.

Figure 3 shows that z* increases by nearly a factor of
6 as NdPS increases by ∼10×. For each value of NdPS, z*
is determined by NR and LE-FRES on films and LE-
FRES from the physisorbed copolymer layer alone after
removing free chains with toluene. The LE-FRES
measurements are in good agreement, demonstrating
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that z* values as low as 1 nm can be determined from
films containing adsorbed copolymer. The z* values
measured by LE-FRES and NR are in good agreement,
particularly at NdPS ) 933. The solid line is from values
obtained by the SCMF calculations, which are discussed
later.

Figure 4 shows σ as a function of NdPS for the PS:
dPS-b-PMMA system. The σ values were calculated
using eq 2 and the z* values obtained from NR. The σ
initially decreases by a factor of 2.5 as NdPS increases
from 94 to 169 and then stays relatively constant as

NdPS increases further. Thus, as NdPS increases and
crowding increases, chains will stretch until the free
energy gain obtained by reducing excluded-volume
interactions is offset by the entropic penalty for stretch-
ing chains beyond their random walk conformation.
Thus, a “brushlike” conformation is expected for copoly-
mers having high values of NdPS as observed in Figure
2d for NdPS ) 933. The z* and σ values obtained in this
paper are in good agreement with published values for
equilibrium brushes in a melt2,8-10 and solution.25-27

To investigate how chain stretching increases with
NdPS, the average distance between chains, D, has been

Figure 2. Reflectivity, R, vs wave vector, k, for PS:dPS-b-PMMA with NdPS ) 94 (a) and NdPS ) 933 (b). The solid circles in (a)
and (b) represent experimental R whereas the solid lines are the calculated R using dPS volume fraction profiles, φdPS, (c) and (d),
respectively. Details are given in the text. The z*, w, and h values for these profiles are given in Figures 3, 6, and 7.

Figure 3. Interfacial excess, z*, as a function of NdPS for PS:
dPS-b-PMMA as determined from LE-FRES (open triangles),
NR (open squares), and SCMF model (solid line). The SCMF
parameters are given in the text. LE-FRES was also done from
physisorbed dPS-b-PMMA (open circles).

Figure 4. Grafting density, σ, as a function of NdPS for PS:
dPS-b-PMMA. The σ values (solid circles) were calculated
using eq 2 and z* values from NR. The solid line is a guide to
the eye. The error bars represent (10% of σ values and are in
good agreement with the z* variation in Figure 3.

9900 Costa et al. Macromolecules, Vol. 36, No. 26, 2003



calculated:

For chains that are far apart relative to the radius of
gyration of the dPS block, Rg, adsorbed copolymers
exhibit a “mushroomlike” conformation.28 For D ≈ Rg,
adsorbed copolymers can form clusters, whereas for D
< Rg a homogeneous monolayer is expected. Using eq 4
to calculate D, Figure 5 shows that D/Rg displays two
regimes of behavior. For NdPS < 200 (≈Ne), D is greater
than Rg and isolated chains adopt a “mushroomlike”
conformation. For NdPS > 200, D is less than Rg and
chains stretch to form a “brushlike” conformation. Thus,
the behavior of D/Rg is consistent with the dPS volume
fraction profiles and σ results shown in Figures 2c,d and
4, respectively.

Figure 6 shows that the interfacial width, w, increases
from 2 to ca. 15 nm as NdPS increases from 94 to 933,
respectively. The solid line is a guide to the eye. As a
reference, the distance between entanglements in PS
is plotted as a dotted line, we ≈ 4 nm. Note that only
the two highest molar mass copolymers exhibit an
interfacial width that is broader than we. In particular,
the interface between dPS-b-PMMA with NdPS ) 933
and the bulk is almost 3 times broader than we.
Although all four dPS-b-PMMA copolymers show an

interfacial excess, PS:dPS-b-PMMA films were able to
prevent dewetting only when copolymers had NdPS >
200.19,29 These results suggest that copolymer segrega-
tion alone is not sufficient to prevent dewetting. But
rather w values greater than we are required to
strengthen the interface, reduce interfacial tension,19,30

and thus decrease the dewetting driving force.29 For
immiscible polymer bilayers, Creton et al.31 provided a
similar argument about the role of Ne on the fracture
toughness.

Figure 7 shows that the thickness of the adsorbed
layer, h, increases by a factor of 7 as NdPS increases from
94 to 933. This increase in h is most notable as NdPS
increases from 455 to 933. Using σ, D/Rg, and φ(z) as
guides, the scaling relationships32 for mushroom and
brush conformations have been plotted as solid lines in
Figure 7. Comparison of the data with the scaling
behavior suggests that the lowest NdPS copolymers are
unstretched and display h values consistent with a
“mushroomlike” conformation, whereas the highest NdPS
copolymers are stretched with h values indicative of a
“brushlike” conformation. Because of the limited data
in each regime and small variations in NPMMA, the
comparison between the scaling predictions and the
experimental data should be considered as qualitative
only.

4.2. Interfacial Characteristics of PS:dPS-b-PD-
MAEMA Films. To understand the role of the anchor-
substrate interaction, adsorption of dPS-b-PDMAEMA
copolymers was investigated in PS:dPS-b-PDMAEMA
films. The PS matrix had a P ) 1923 (>2NdPS), and 5
vol % of dPS-b-PDMAEMA was added. The interfacial
characteristics for the two dPS-b-PDMAEMA copoly-
mers are summarized in Table 3. Note that NdPS > Ne
for both copolymers. The z* values increase from 4.0 to
6.3 nm as NdPS increases from 356 to 676, respectively.
Moreover, z* values from LE-FRES and NR are in good
agreement. For both copolymers D/Rg is <1, consistent
with a stretched chain conformation. In comparison with
the PS:dPS-b-PMMA system (cf. Figure 3), the z* values
for the PS:dPS-b-PDMAEMA films are larger at similar
NdPS. As discussed below, the stronger adsorption of
dPS-b-PDMAEMA is attributed to a greater attraction
between the DMAEMA segments and SiOx.

Similar to the behavior of z*, h and w for PS:dPS-b-
PDMAEMA films increase with increasing NdPS as
shown in Table 3. Using eq 3 and the profile from NR,

Figure 5. Distance between grafted chains normalized by Rg
of the dPS block, D/Rg, as a function of NdPS for PS:dPS-b-
PMMA. The D values (solid circles) were calculated using eq
4 and σ values in Figure 4. The vertical dashed line represents
the DP between entanglements of PS, Ne. A transition from
collapsed (D/Rg > 1) to stretched (D/Rg < 1) chains (cf. inset
adsorbed chains) occurs near NdPS ≈ Ne.

Figure 6. Interfacial width, w, as a function of NdPS for PS:
dPS-b-PMMA. The dashed line represents the interfacial width
between entanglements of PS, we, which is given by we ) a(Ne/
6)1/2, where a is the PS segment length. The solid line is a guide
to the eye. The error bars represent (10% of w values.

D ) σ-1/2 (4)

Figure 7. Thickness of adsorbed layer, h, as a function of NdPS
for PS:dPS-b-PMMA. The h values (solid circles) were calcu-
lated using eq 3 and z* values from NR. The solid lines
represent the scaling32 of h for two regimes: mushroom where
h ∼ NdPS

1/2, for P > NdPS
1/2 (P is the matrix DP), and brush

where h ∼ σNdPS, for P > NdPS.
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h was calculated and found to increase from 4.8 to 6.6
nm as NdPS increase from 356 to 676. Using the
definition of w in Figure 1, w values increase from 12
to 15 nm as NdPS increases. Thus, for both dPS-b-
PDMAEMA copolymers, w is greater than the entangle-
ment distance we ≈ 4 nm. This broad interface between
the dPS dangling block and the matrix chains suggests
a reduction in interfacial tension19,30 and a correspond-
ing increase in film stability.29 Experiments show that
the addition of only 1 vol % dPS-b-PDMAEMA to a PS
film (75 nm thick) prevents dewetting from SiOx.

4.3. SCMF Simulations of Volume Fraction Pro-
files. The SCMF method requires knowledge of ø to
calculate the volume fraction profile at the polymer/
substrate interface. Thus, before investigating Σ, the ø
parameters used in the SCMF calculations will be
described. For the PS:dPS-b-PMMA system, the ø values
are øPMMA-dPS ) 0.0371,2,33,34 øPMMA-hPS ) 0.0282,33,34

and øhPS-dPS ∼ 0.0001.9 For the case of PS:dPS-b-
PDMAEMA, the ø between PDMAEMA and the dPS
block, øPDMAEMA-dPS, as well as PDMAEMA and PS,
øPDMAEMA-PS, are unknown. Because a DMAEMA seg-
ment is more polar than MMA, the ø values for
øPDMAEMA-dPS and øPDMAEMA-PS are expected to be greater
than øPMMA-dPS and øPMMA-PS, respectively. To under-
stand the impact of øPDMAEMA-dPS and øPDMAEMA-PS on
copolymer adsorption, SCMF simulations for PS:dPS-
b-PDMAEMA with NdPS ) 356 were performed for two
different cases, first assuming øPDMAEMA-dPS ≈ øPMMA-dPS
and øPDMAEMA-PS ≈ øPMMA-PS and second assuming
øPDMAEMA-dPS ≈ 2øPMMA-dPS and øPDMAEMA-PS ≈
2øPMMA-PS. However, for both sets of ø’s, the model φ(z)
profiles were in poor agreement with the experimental
φ(z) profiles. The best agreement between the model and
the experimental profiles occurs for ø values between
these two cases, namely øPDMAEMA-PS ) 0.055 and
øPDMAEMA-dPS ) 0.042. (cf. Figure 9b).

Knowing the ø parameters, SCMF calculations could
be performed using a single fitting parameter that
represents the attraction between the PMMA (or PD-
MAEMA) anchoring block and the SiOx surface, namely
ΣPMMA-SiOx (or ΣPMMAEMA-SiOx). Parts a and b of Figure 8
show the φ(z) obtained from NR measurements for PS:
dPS-b-PMMA films with NdPS ) 94 and NPMMA ) 10
(open circles) and NdPS ) 445 and NPMMA ≈ 40 (open
squares), respectively. Using ΣPMMA-SiOx ) -7kBT and
-11 kBT, respectively, the profiles predicted by the
SCMF model (solid lines) are in excellent agreement
with the experimental profiles. The thin dPS depletion
layer at the interface is due to adsorbed MMA segments.
Including a depletion layer in the experimental profile
does not improve the fitting in the NR simulation and
is therefore left out for simplicity. Both profiles are
exponential-like, in contrast to the parabolic profile
observed in Figure 2d for the longest dPS block length.
The agreement between the SCMF and the experimen-
tal dPS volume fraction profiles for dPS-b-PMMA with
NdPS ) 169 and 933 are very good if a ΣPMMA-SiOx value
of -11kBT is used, consistent with the NdPS ) 445 case.

The interfacial characteristics obtained from the
SCMF calculations for each dPS-b-PDMAEMA are given

in Table 4. Note that the experimental z*, σ, D, h, and
w values (cf. Table 3) are in excellent agreement with
those obtained by the SCMF model (cf. Table 4). The
reflectivity from a PS:dPS-b-PDMAEMA film with NdPS
) 676 is shown in Figure 9a. The predicted reflectivity
(solid line) was calculated assuming the exponential-
like profile (open triangles) in Figure 9b. Using
ΣPDMAEMA-SiOx ) -7kBT, the SCMF profile (solid line)
is in very good agreement with the experimental profile.
The dPS volume fraction profile for PS:dPS-b-PD-
MAEMA film with NdPS ) 356 has been omitted due to
space limitations. This profile shape is also exponential-
like and in excellent agreement with the SCMF profile
using ΣPDMAEMA-SiOx ) -14kBT.

4.4. Determination of Interaction Energies per
Segment. The interaction energies between each ad-
sorbing segment and the substrate, ε, are not readily
available. In this section, the ε values for MMA (DMAE-
MA) and SiOx as well as the dependence of Σ on NPMMA

Table 3. Measured Interfacial Characteristics of PS:dPS-b-PDMAEMA Films

NdPS NPDMAEMA z*a (nm) z*b (nm) σb [chains/nm2] D/Rg
b hb (nm) wb (nm)

356 19 3.7 4.0 0.070 0.71 4.8 12.0
676 6 5.6 6.3 0.056 0.61 6.6 15.0

a z* measured from LE-FRES. b z*, w, h, determined from NR profiles. c σ and D calculated from z* determined from NR.

Figure 8. Volume fraction profiles of dPS block, φdPS, deter-
mined from NR for PS:dPS-b-PMMA with (a) NPMMA ) 10 (open
circles) and (b) NPMMA ≈ 40 (open squares). The dPS/SiOx
interface is located at depth 0. The solid lines represent the
φdPS profiles calculated by SCMF for ΣPMMA-SiOx values of -7kBT
(a) and -11kBT (b).

Table 4. SCMF Values of Interfacial Characteristics of
PS:dPS-b-PDMAEMA Films

NdPS NPDMAEMA

z*
(nm)

σ
[chains/nm2] D/Rg h (nm) w (nm)

356 19 3.6 0.062 0.77 5.0 14.0
676 6 5.7 0.052 0.63 6.6 16.0
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(NPDMAEMA) are investigated. In the SCMF simulations
described above Σ varies from -7kBT to -11kBT for
NPMMA ) 10 and ≈40, respectively, and from -7kBT to
-14kBT for NPDMAEMA ) 6 and 19, respectively. The
negative sign indicates segmental attraction to SiOx.
This dependence of Σ on N has been reported by others35

but never fully explained.
The molar mass dependence of Σ can be understood

by considering the fraction of anchoring block segments
in direct contact with the substrate, f. Thus, Σ is given
by fεN. For f ) 1.0, at 100% adsorption, ε would be
simply given by Σ/N. If the anchor block contains many
loops and tails, f is small and so is Σ. A key test is
whether a single value of ε can describe each set of data.
Although f is difficult to measure, physically reasonable
values of f can be estimated from N and σ.

For the PS:dPS-b-PMMA system, the PMMA block
length was either long (NPMMA ≈ 40) or short (NPMMA )
10) (cf. Table 1). For the long PMMA block nearly a third
of the monomers are assumed to be in direct contact
with the substrate (i.e., trains) and f ≈ 0.35. From

Figure 4, the shorter PMMA block (with NdPS ) 94) has
a σ that is about 2.5 times greater than the long PMMA
block case. So, we estimate that f ≈ 0.90 () 0.35 × 2.5).
This value is consistent with shorter chains tending to
form trains whereas long ones tend to have more loops
and tails. Using f ) 0.35 and 0.90 for long and short
PMMA blocks, respectively, a constant value for ε can
be extracted, namely, -0.8 ( 0.1kBT.

For PS:dPS-b-PDMAEMA films, comparison between
the experimental and the SCMF volume fraction profiles
yield Σ values of -14kBT and -7kBT for NdPS ) 356 and
676, respectively. The grafting densities for these co-
polymers are similar, ≈0.070 and 0.056 chains/nm2,
respectively (cf. Table 3). Because the anchoring blocks
for both copolymers are very short (NPDMAEMA ) 19 and
6), both PDMAEMA blocks are taken to have a high
fraction of segments in direct contact with the substrate.
Using σ and NPDMAEMA as a guide, f ≈ 0.75 and 1 for
NPDMAEMA ) 19 and 6, respectively, yields a constant ε
of -1.1 ( 0.1kBT.

By making physically reasonable assumptions about
f, the SCMF provides a powerful method to extract the
segmental attraction of MMA and DMAEMA for silicon
oxide. Although both values of ε are about kBT, the
DMAEMA segment shows a slightly stronger attraction
for the oxide than MMA. This attraction may be due to
the amino group on DMAEMA that is lacking on MMA.
Thus, the DMAEMA segments may interact more
strongly with the Si-OH groups via hydrogen bonding
and induced dipole-dipole interactions. This observa-
tion is consistent with the greater z* values observed
for PS:dPS-b-PDMAEMA relative to PS:dPS-b-PMMA.

5. Conclusions

In this paper, adsorption of dPS-b-PMMA and dPS-
b-PDMAEMA from a PS neutral matrix to the melt/SiOx
interface is studied using LE-FRES and NR. For the
dPS-b-PMMA system, the nonadsorbing block length,
NdPS, is varied from below Ne to above Ne, where Ne of
PS is ∼200. For NdPS < 200, the distance between
grafted copolymer chains, D, is greater than the dPS
radius of gyration, Rg, whereas for NdPS > 200, D is less
than Rg. Thus, a crossover from a collapsed to a
stretched conformation occurs near NdPS ≈ Ne. Corre-
spondingly z*, w, and h strongly increase as NdPS
increases. Using the adsorbing block-substrate inter-
action, Σ, which varies with adsorbing block length, as
a fitting parameter, SCMF predictions of φ(z), z*, w, and
h are in very good agreement with experimental results.
This adsorbing block length dependence of Σ is ex-
plained by considering the fraction of MMA and DMAE-
MA segments in direct contact with the wall. Thus,
segmental interaction energies between each MMA and
DMAEMA segment with SiOx are determined and about
-0.8kBT and -1.1kBT, respectively. This slight increase
is consistent with the higher polarity of the PDMAEMA
block in comparison to PMMA. We hope that this
fundamental study of block copolymer adsorption con-
tributes to the understanding needed to improve control
over adhesion in polymeric coatings.36
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