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Abstract. The effect of the ratio of block lengths on the interfacial partitioning of poly(styrene-block-
1,4 isoprene) diblock copolymers from their mixtures with polystyrene homopolymer melt is investigated
utilizing a series of copolymers with almost constant molecular weight but different compositions. The con-
centration profile of the copolymer is measured directly using the 15N nuclear reaction analysis technique;
a segregation of the diblock is found at both the air/polymer surface, due to the lower surface energy
of polyisoprene, and at the substrate/polymer interface. No significant effect of the block length ratio on
the free-surface excess was observed. The block molecular weights have apparently led to dangling chain
conformations in the non-overlapping mushroom and in the overlapping mushroom regimes whereas the
brush regime was not accessible; no indications of a real border between the two former regimes was found.

PACS. 68.10.Gw Interface activity, spreading – 68.10.m Fluid surfaces and fluid-fluid interfaces –
68.55.a Thin film structure and morphology

1 Introduction

The structure and composition of the near surface and/or
interface regions in multicomponent polymeric systems
control important properties like wetting and adhesion,
and, in that respect, the applications of such systems.
In the case of these multiconstituent films, segregation of
components to either the air/polymer or/and the poly-
mer/substrate interfaces determine the applicability of
these materials in the coatings area.

Block copolymers consisting of two chemically dif-
ferent chains connected at one of their ends have been
known to exhibit surfactant-like behavior, thus modi-
fying surface/interfacial tension, adhesion, friction and
wear properties. The partitioning of block copolymers
(BCP) to surfaces has been of growing interest in the
past years, and there have been a number of investi-
gations, especially on the adsorption of block copoly-
mers from solution (see, e.g., Refs [1–10]). In contrast,
there have been relatively few studies of surface anchored
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layers formed by either block copolymer segregation
from copolymer/homopolymer mixtures to a free and/or
substrate interface [11–14] and to a polymer/polymer
interface [15–19], or by interfacial partitioning of an
end-functionalized homopolymer from a homopolymer
mixture [20–22]. The situation in the melt may, in princi-
ple, be similar to the adsorption from solution; however,
the polymeric nature of the “solvent” molecules should
influence the behavior [23–30].

For block copolymers mixed with a homopolymer, sur-
face segregation takes place similarly to the case of ho-
mopolymer blends. In the case of an AB diblock copoly-
mer with an A block, which exhibits a lower surface
energy and interacts unfavorably with the matrix ho-
mopolymer, and a B block compatible with the homopoly-
mer, the A block acts as an anchor to the surface or
the substrate whereas the B block dangles into the ma-
trix. The conformation of the dangling block depends
on the grafting density (influenced by the size of the
anchoring block) as well as on the ratio of the size of
the dangling block to that of the polymeric “solvent”.
The case of end-anchored chains has mostly attracted
the attention of theoreticians, with two “classical” lim-
iting regimes discussed [23,31]. In the mushroom regime
(for low grafting densities) the dangling chains do not
overlap and their conformation is not disturbed; one can
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find the same scaling for the radius of gyration as in the
bulk. In the brush regime (for high grafting densities)
at the other limit the dangling chains are stretched [31];
two sub-regimes are discussed (wet and dry brush) de-
pending on the penetration of the matrix homopolymer
into the brush [23,24,27–30]. The region between the
non-overlapping mushroom and the brush configurations
has been recently discussed [27–30] in detail with various
sub-regimes having been identified. For “solvent” molec-
ular weight (P segments) larger than that of the dan-
gling chains (N segments), the intermediate region is sim-
pler and partially overlapping mushrooms are envisioned
without any significant chain stretching; the conforma-
tion of the grafted chain is still expected to be Gaus-
sian. Therefore, for P > N , three regimes are envisioned:
non-overlapping mushrooms for σa2 < N−1; overlapping
mushrooms for N−1 < σa2 < N−1/2; dry brush for
σa2 > N−1/2. Here, σ is the surface density of anchored
chains and a the statistical segment length. For the ad-
sorption of diblock copolymers from solution, it was shown
both theoretically [4] and experimentally [9,10] that the
mushroom or brush configuration is influenced by the ratio
of the two block lengths with a maximum in the adsorbed
amount expected for a certain ratio of the block lengths.
Note that, for end-grafted chains in solution, the transi-
tion from mushrooms to brushes as a function of grafting
density is estimated to be very broad [2].

The investigations performed so far on surface segre-
gation of block copolymers in the melt are different from
that presented here since they were focused on demon-
strating the interfacial segregation and investigating the
dependence of the adsorbed amount on bulk volume frac-
tion essentially in the brush regime [11–13] or on the sur-
face enrichment occurred via segregation of micelles [14].
In this study we investigate the effect of a variation of
the ratio of the block lengths on the interfacial segrega-
tion of poly(styrene-b-isoprene) diblock copolymers in a
polystyrene matrix utilizing a series of diblocks with al-
most constant total molecular weight; the aim is to iden-
tify the anchored chain configurational characteristics in
the various regimes discussed above. In agreement with
earlier studies [13], an interfacial partitioning of the block
copolymer is observed at both the free surface and at the
substrate interface. The investigation is performed with
the 15N nuclear reaction analysis technique, which, in ad-
dition to the good resolution, makes it possible to use
non deuterated block copolymers. No significant effect of
the block length ratio on the total adsorbed amount was
observed within the range of molecular weights investi-
gated. The data are discussed in the framework of pre-
dictions based on adaptation of arguments from previous
works [23–30] to the case of diblock copolymer adsorption.
It is concluded that the systems investigated fall into the
non-overlapping and the overlapping mushroom regimes
whereas the brush regime was not accessible; however, no
actual border between the two mushroom regimes can be
identified with respect to the total adsorbed amount.

The rest of this article is arranged as follows: follow-
ing the experimental Section 2, the results of the nuclear
reaction analysis investigations are presented in Section 3

Table 1. Molecular characteristics of the polymers used.

Species Mw Mw/Mn wPS
a Nb fPS

c

SI-20 162 000 1.05 0.198 2004 0.179
SI-30 150 000 1.06 0.295 1833 0.269
SI-36 142 000 1.06 0.359 1722 0.330
SI-57 159 000 1.05 0.573 1876 0.542
SI-68 133 000 1.05 0.678 1548 0.650
SI-76 153 000 1.06 0.760 1762 0.736
PSD 190 000 1.03 1.000 2125 1.000

a: Polystyrene weight fraction. b: Based on average segmental
volume. c: Polystyrene volume fraction.

followed by discussion with respect to theory; concluding
remarks are reserved for Section 4.

2 Experimental section

2.1 Materials and sample preparation

A series of poly(styrene-block-1,4 isoprene), SI, diblock
copolymer samples were synthesized by anionic polymer-
ization using a high vacuum-technique. The details of
the synthesis and characterization have been described
elsewhere [32–34]. First a small fraction of a prescribed
amount of isoprene (I) monomer was reacted in n-heptane
with sec-butyllithium for 20 min at 60 ◦C (a seeding reac-
tion). Then the remaining monomer was introduced and
allowed to polymerize at room temperature for 48 hr to
obtain the precursor polyisoprenyl anions. Under these
conditions, narrow molecular weight distribution highly-
cis-polyisoprenes (PI) were obtained. Most of the solvent
n-heptane was then replaced by benzene via vacuum dis-
tillation and a prescribed amount of styrene (S) monomer
was introduced and allowed to react with the living
macroanions. After 48 hr of reaction at room temperature
the resulting SI anions were terminated with methanol
to recover the block copolymer. The product was precipi-
tated in methanol, dissolved in benzene again and freeze-
dried and stored in vacuum until use. The synthetic pro-
cedure produced a polyisoprene (PI) sequence with a ratio
of cis:trans:vinyl ≈ 75:20:5. The characteristics of the di-
blocks are shown in Table 1. The deuterated polystyrene
(PSD), which was used as the matrix homopolymer,
was purchased from Polymer Standards Service (PSS)
and used as received; its characteristics are also shown
in Table 1.

For the nuclear reaction analysis measurements sam-
ples with a size of 19 mm × 38 mm were used. The films
were prepared on silicon substrates of thickness 0.5 mm. In
order to obtain a reproducible quality of the substrate sur-
face the silicon wafers were treated in a mixture of hydro-
gen peroxide and ammonia (50 ml hydrogen peroxide 30%,
50 ml ammonia solution 25%, 100 ml nano-pure water) at
60 ◦C for 30 min and subsequently rinsed with nano-pure
water.

The deuterated polystyrene and the block copolymer
(15 wt% BCP) were dissolved in toluene at a concentration
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Fig. 1. The new X-ray reflectometer at FORTH-IESL in Heraklion: DS = divergence slit (width 50 µm), abs. = absorber,
SS = Soller slit (divergence angle 0.34◦), RS = receiving slit (width 1.4 mm), C = curved graphite monochromator, RSm =
monochromator receiving slit.

of approximately 20 mg per ml solvent and stirred over
night. The samples were prepared by the spin-coating
technique. After preparation, the samples were annealed
in a vacuum furnace at 160 ◦C for 24 hours. All the sam-
ples used were characterized by phase-measurement inter-
ference microscopy [35] and X-ray reflectivity.

2.2 X-ray Reflectometry

X-ray reflectivity measurements were performed with the
new X-ray reflectometer at FORTH-IESL in Heraklion. It
consists of a Rigaku 12 kW rotating anode X-ray generator
and a Rigaku RINT 2000 Series wide angle diffractome-
ter equipped with a Thin Film Attachment. A schematic
drawing of the setup used is shown in Figure 1. The beam
from the X-ray generator is collimated with the divergence
slit DS (50 µm, distance from focus 10 cm) and impinges
upon the sample surface, where it is partially reflected.
After passing a Soller slit (divergence angle 0.34◦) and a
graphite monochromator, the reflected beam is measured
by a scintillation counter. For small angles of incidence,
Al-attenuators are used in front of the Soller slit. On the
back side of the Soller slit, a receiving slit RS (width
1.4 mm) is used in order to suppress off-specular scatter-
ing from the sample. The goniometer radius (= distance
sample-focus and sample-RS) is 185 mm. The divergence
of the incident beam is 0.027◦ and reflectivities down to
10−6 can be measured.

With these measurements, the total sample thickness
and the surface roughness can be obtained [35]. The anal-
ysis is performed using a multilayer technique.

2.3 15N Nuclear reaction analysis

The concentration profile of the block copolymers is
determined using the 15N nuclear reaction analysis

technique [36] as a direct depth profiling method with
high resolution. The technique is based on the resonant
reaction H(15N, αγ)12C

15N (6.4 MeV) +1 H→12 C +4 He + γ (4.43 MeV) (1)

which occurs at a resonance energy Er = 6.4 MeV. The
energy of the emitted γ-radiation is Eγ = 4.43 MeV.
If an ion beam with an energy EB > Er hits the sam-
ple, the ions lose energy as they penetrate into the film,
and, at a certain depth, the resonant reaction with the
hydrogen is possible. The depth scale is obtained from
the energy loss dE/dx, that is specific for the mate-
rial used (mainly polystyrene here). For samples contain-
ing deuterium, however, in addition to the reaction de-
scribed above non-resonant reactions of the 15N-ion with
the deuterium occur which give rise to a background of γ-
radiation with energy in the range of Eγ . Figure 2 shows
three different γ-spectra (the x-axis corresponds to the
γ-radiation energy scale) for: (a) a film that contains no
deuterium, where the radiation at 4.43 MeV is due to the
1H in the sample; (b) a film which contains both hydro-
gen and deuterium but when the energy of the incident ion
beam is below Er, and, therefore, the H(15N, αγ)12C does
not take place; (c) a film which contains both deuterium
and hydrogen at ion beam energies higher than Er. The
background in case (c) is then eliminated assuming that
the ratio of the background B and the integral R (Fig. 2c)
is independent of the energy of the incident beam, so that
it can be determined at beam energies below the resonance
energy Er in Figure 2b.

The measurements were performed with the new poly-
mer measurement chamber at the Institut für Kernphysik,
Universität Frankfurt. This chamber has the advantage
that samples can be cooled with the vapor of liquid nitro-
gen down to −120◦, which makes it possible to investigate
more radiation sensitive polymers than at room tempera-
ture. In addition a pressure of 10−7 mbar can be obtained



414 The European Physical Journal B

Fig. 2. γ-spectra of (a) a polymer film containing no deuterium
and a film of partially deuterated polymer at an incident ion
beam energies EB lower (b) and higher (c) than the resonance
energy Er.

Fig. 3. Schematic drawing of the 15N sample and detection
chamber.

in the chamber, which is pumped with a turbomolecular
pump in connection with a rotary pump. The schematic
drawing of the setup used is shown in Figure 3. A mag-
azine inside the chamber can contain up to 12 samples,
which are mounted on sample holders with a tilt-angle of
9.4 ± 0.1◦. With the help of a stepping motor this mag-
azine can be moved vertically so that the sample holders
can be pushed into a flange inside the hole of a 4 in ×4
inch BGO-detector. Because of this favorable geometry
detection efficiencies of approximately 25% of the γ-rays

can be achieved [37]. The ion dose on the sample is deter-
mined using a tripod (three-pronged star) rotating in the
ion-beam that is connected to a current integrator.

3 Results and discussion

After preparation by spin-coating all the samples were an-
nealed in a vacuum oven at 160◦ for 24 hours in order to
attain thermal equilibrium. To estimate whether this an-
nealing time is sufficiently long for equilibrium one can use
the equation for the diffusion in one direction 〈z2〉 = 2Dt
where 〈z2〉 is the mean-squared displacement of a chain,
D the diffusion coefficient and t the diffusion time. Using
the film thickness d for 〈z2〉1/2 it is possible to get an esti-
mate for the time t required to achieve equilibrium. Since
the tracer diffusion coefficients of the SI block copoly-
mers in the polystyrene melt are not known it is assumed
that the self-diffusion coefficient of the matrix polystyrene
(which has a slightly higher molecular weight) can be
used instead. This was measured as [38] D = 0.007 M−2

at 174 ◦C with D in cm2/s and M in g/mol. Using the
Williams-Landel-Ferry (WLF) equation [39] and the WLF
coefficients for polystyrene [40] one can calculate the dif-
fusion coefficient of polystyrene with a molecular weight
of 190 000 g/mol at 160 ◦C; using this value one obtains
a time t = 37 min for a diffusion path of 130 nm (a
time of 26 min is estimated for a polystyrene of molecular
weight 160 000 similar to that of the diblocks). Although
the above assumption for the estimation of the copolymer
diffusion coefficient is only very rough, the fact that the
estimated time is 40 times less than the annealing time of
24 hours validates the assumption that the samples have
already reached equilibrium. Besides, earlier studies [13]
using a very high molecular weight asymmetric diblock
(Mw = 1.08× 106, 99 wt% deuterated styrene) in a very
high molecular weight polystyrene matrix (Mw = 3×106)
showed that equilibrium was achieved within 1–2 days of
annealing at 190 ◦C. This also assures us that thermody-
namic equilibrium was reached in the present case.

Following annealing, the samples were characterized
with X-ray reflectometry in order to obtain the film thick-
ness and the surface roughness. Figure 4 shows a typi-
cal reflectivity curve obtained from an annealed sample
(in this case for a 15 wt% SI-57 / PSD film), where the
Kiessig fringes observed are due to total film thickness
oscillations. The solid line corresponds to the X-ray re-
flectivity curve calculated from a polystyrene film with
thickness 116 nm and surface roughness of 0.34 nm. For
all annealed samples the reflectivity measurements prove
the existence of a nice film with surface roughness of the
order or less than 0.5 nm, which is a typical value found
for pure polystyrene samples prepared by spin-coating.
The only exception is the sample with the highest poly-
isoprene content in the block copolymer (SI-20): for this
sample, dewetting can be observed even by the naked eye,
i.e. the sample looks rough. The X-ray reflectivity mea-
surement for this 15 wt% SI-20/PSD film is shown in the
inset of Figure 4; interference fringes with a much lower
frequency (corresponding to a much smaller thickness) are
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Fig. 4. X-ray reflectivity measurement of a 15 wt% SI-57/PSD
sample on silicon after annealing. The solid line is the model
calculation using a homogeneous polystyrene film with total
thickness is 116 nm. Inset: X-ray reflectivity measurement of
a 15 wt% SI-20/PSD sample on silicon after annealing. In this
case, auto-dewetting takes place and the curve changes dras-
tically; however, directly on the substrate one can still find a
homogeneous film with a thickness of 8.7 nm.

observed. A thin polymer layer with a thickness of about
8.7 nm remains on the substrate on which auto-dewetting
took place. Auto-dewetting has been observed before in
the cases of polystyrene dewetting the free surface of an
oriented symmetric poly(styrene-b-vinylpyridine) diblock
copolymer thin film, which exposes a dense brush of the
polystyrene block to the air interface [41], as well as of
end-functionalized polystyrene dewetting a thin film of the
same material tethered to the substrate [42]; in both cases
it was explained as being due to the lack of interpenetra-
tion of the polystyrene homopolymer with the dense brush
formed either by the polystyrene block of the diblock [41]
or by the densely packed tethered chains [42]. Also, auto-
dewetting was observed when a polymer monolayer re-
mained on the substrate following a pseudo-dewetting of
either polystyrene [43] or a poly(ethylene oxide) [44] thin
film on a silicon wafer; it was explained to be a con-
sequence of conformational differences between adsorbed
and non-adsorbed molecules.

For the nuclear reaction analysis measurements, the
samples were cooled down to −100 ◦C in order to reduce
the experimental error due to degradation of the polymer.
In addition, the ion charge used for each data point was
kept as low as possible. Since the samples contain much
more deuterated polystyrene compared to the protonated
block copolymer, a high background in the hydrogen win-
dow of the energy spectrum is present (see Fig. 2 and dis-
cussion in Sect. 2). This background is comparable to the
signal from the block copolymer or even greater (within
the sample the block copolymer concentration is quite
small), and, therefore, one has to work very carefully in or-
der to reduce the systematic error. All the γ-spectra mea-
sured were stored and after the measurements a correction
for a slight electronic drift of the energy window was per-
formed using the strong deuterium-peak at 6.13 MeV.

Fig. 5. Block copolymer concentration profile for the 15 wt%
SI-57/PSD sample on silicon after annealing. Partitioning at
both interfaces is evident.

Fig. 6. Comparison of the concentration profiles near the
air/polymer interface for the 15 wt% SI/PSD samples with
block copolymers with different polyisoprene volume fractions.

The depth profiles are shown in Figures 5 and 6. In
Figure 5, the depth profile for the entire film of the 15%
SI57/PSD sample is shown (fPS = 0.542). One can clearly
observe the surface enrichment at both the air/polymer
and the polymer/substrate interfaces. To compare the rel-
ative enrichment at the two interfaces one has to keep
in mind that the experimental resolution worsens with
depth [35] leading to a stronger smearing at the polymer
substrate interface; the resolution at the surface is about
3 nm compared to 10 nm at a depth of 100 nm. It is
also evident that it is difficult to accurately determine the
small block copolymer concentration in the middle of the
film, since, for that part of the sample, the background
due to the deuterium side reactions in the hydrogen en-
ergy window is a very significant fraction of the signal.

In Figure 6, the block copolymer profiles close to the
air surface are compared for different samples; the good
resolution of the technique at the top surface is evident.
The width of the “interface” between the enrichment
layer and the bulk of the sample, although not sharp,
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Fig. 7. The dependence of the surface excess z∗ on block
copolymer composition.

is comparable with the experimental resolution, and,
therefore one cannot resolve the exact form of the pro-
file and distinguish between different model fits. For all
the samples shown, it is evident that the block copolymer
concentration right at the surface decreases with increas-
ing polystyrene fraction fPS, whereas the thickness of the
enrichment layer (of the order of 10 nm) apparently in-
creases with fPS . Due to the noise present in the data,
it is difficult to quantify this increase in the thickness in
order to estimate its scaling with the molecular weight of
the polystyrene dangling block. Using the profiles in Fig-
ure 6, the surface excess can be calculated for each sample
as:

z∗ =

∫
interface

[ϕ(z)− ϕb] dz (2)

where ϕ(z) is the copolymer concentration at depth z and
ϕb is that away from the interface. This surface excess is
shown versus the composition of the diblock copolymer in
Figure 7. A very small variation of z∗ on block copolymer
composition is observed [45] whereas the values of the sur-
face excess are comparable with but lower than the values
reported by Budkowski et al. [13] for different molecular
weights as a function of the concentration away from the
surface. In our films, the concentrations away from the
surface are in the range of 2.5–5% but they cannot be
determined accurately. For this range of concentrations
away from the surface Budkowski et al. show values rang-
ing from ∼ 2 nm for 104–104 SI copolymer to ∼ 7–12 nm
for a highly asymmetric 106–104 SI diblock in a matrix
of 3 × 106 PS homopolymer. It should be noted that al-
though the apparent layer thickness is of the order of the
copolymer radius of gyration (∼ 10 nm), the mean con-
centration at the interface, which is much less than one,
results in z∗ values around 2–2.5 nm. Note that a differ-
ent normalization might result in different absolute values
for z∗; however the trend with copolymer composition will
not be affected.

The effect of copolymer composition on the adsorbed
amount and the layer thickness for the case of block

copolymer adsorbed onto a solid surface from solution in
a solvent good for the dangling block has been studied by
Evers et al. [4] in the framework of the self-consistent-field
theory of Scheutjens and Fleer. It was found that both the
adsorbed amount and the layer thickness depend strongly
on the chain composition. When the total length of the di-
block copolymer was kept constant, a maximum was found
in the total coverage as a function of the fraction of adsorb-
ing segments; this behavior was also observed experimen-
tally [10]. The maximum was found at a lower fraction of
adsorbing segments with increasing chain length, bulk so-
lution concentration, and surface affinity for the anchoring
block. Reducing the surface affinity reduces the maximum
value of the adsorbed amount, which can even disappear.
Since, in the case of polymer melts, due to the small en-
tropy of mixing even a small difference in surface tensions
can result in a strong surface enrichment, this might be a
reason for the absence of the dependence of the effect ob-
served in our case. However, for polymer melts a detailed
theoretical description is still needed.

Although there is a considerable amount of theoreti-
cal work on end-anchored homopolymers in the melt, the
behavior of block copolymer adsorption at either a solid
interface or a free surface has not been treated in de-
tail. More specifically the effects of diblock composition
on either the adsorbed amount or the segment density
profile of the adsorbed layer have not been investigated.
On the other hand emphasis was placed on the depen-
dence of the adsorbed profile on the surface interactions
and the bulk concentration for end-anchored homopoly-
mers whereas the investigations were limited to the brush
regime [26].

A qualitative description of the diblock composition
dependence of the surface excess can be given within the
framework of the theory of Alexander [31], de Gennes [23]
and their extensions [24–30] in a similar way as was at-
tempted for the block copolymer adsorption from solu-
tion [9]. The free-surface segregation is caused by the lower
surface tension of the polyisoprene block. The polyiso-
prene acts as an anchor for the polystyrene block which
dangles into the polystyrene homopolymer melt. Since the
number of segments of the matrix homopolymer (P ) is,
in the case investigated in the present work, larger than
that of the dangling chain (N) three limiting regimes can
be envisioned depending on the mean distance s between
anchoring points (as mentioned in the introduction): the
non-overlapping mushroom regime for distances s larger
than the size of the polystyrene-block coil in the bulk
(when the conformation of the dangling polystyrene chain
is ideal); the overlapping mushroom regime for intermedi-
ate s (when the mushrooms overlap but the polystyrene
blocks are not stretched); the dry brush regime for very
small s (when the polystyrene blocks are expected to be
stretched and the matrix chains do not penetrate the
brush).

For large fractions of the polyisoprene anchoring block,
i.e. for small fPS , it may be assumed that the system ap-
proaches the non-overlapping mushroom regime. In this
case, the anchoring block can be thought of as forming a
thin layer spread out as a “pancake” on the surface with
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each polyisoprene block being confined inside a disc of
diameter s and small, more or less constant, thickness of
the order of a few segments. The volume of the disc (equal
to NPIυ, υ being the segmental volume) is thus propor-
tional to s2a, where a is the segment length. The number
of monomers of the anchoring block (NPI) should then

be proportional to s2. Thus, s ∝ N
1/2
PI a, where it is as-

sumed that υ ≈ a3. This dependence of s on the molecu-
lar weight of the anchoring block has been experimentally
verified for diblock copolymers adsorbed onto a solid sur-
face from solution using a series of diblocks with constant
molecular weight of the dangling block [9]. The dangling
chain in this case can be considered as occupying a half-

sphere with an ideal radius L ∼= aN
1/2
PS , where NPS is the

length of the dangling block. The amount of block copoly-
mer at the surface (the surface access z∗) is proportional
to the surface density of anchored chains σ = s−2 times
the number of segments of the block copolymer (note that
experimentally both blocks of the copolymers are probed).
Therefore:

z∗ ∝ σNBCPυ ∝ aN
−1
PINBCP (3a)

or

z∗non−overlapping mushroom ∝ a(1− fPS)−1. (3b)

Besides, the average volume fraction of the tethered
chains inside the adsorbed layer should scale as ϕ̄ ∼=
NPSυ/(Ls

2) = N
1/2
PS σa

2 ≈ N
−1/2
BCP f

1/2
PS /(1 − fPS) and

ϕ̄ < N
−1/2
PS � 1. Note that for grafted chains in a polymer

melt, this limiting regime can be achieved [23,27–29] for
grafting densities σa2 = s−2a2 < N−1

PS , i.e. for polystyrene
volume fractions fPS < 0.5.

For small fractions of the polyisoprene block at the
other limit, i.e. for large fPS , one may approach the brush
regime with overlapping stretched polystyrene chains. In
this case and in the limit of high grafting densities [27]
(σa2 > N−1/2 for P > NPS), the matrix chains are
expected to be almost completely expelled [27–29] from
the stretched brush (dry brush) with the brush thick-
ness given by L ≈ a3NPSσ. Two main contributions
to the free energy of the anchored copolymer chains on
the surface should be considered: the gain in energy by
the polyisoprene, PI, segments adsorbing to the surface;
the combination of the repulsive elastic energy and the
mixing energy. The adsorption energy represents [13] the
sum of: the energy gained by the PI moiety by escap-
ing from the unfavorable interactions with the PS host,
NPIχ (χ is the interaction parameter between PS and
PI); the surface energy reduction gained by the lower sur-
face tension of PI, which may be assumed to be propor-
tional to the number of sticking monomers n = rNPI
(r is the fraction of PI monomers sticking to the sur-
face) times the difference in surface energies per monomer
δ. For sufficiently large NPI , both r and δ should ap-
proach constant values independent of NPI . Therefore,
Fsticking/kT ∼= (χNPI + rNPIδ). In this regime, the re-
pulsive energy contribution is merely the elastic term cal-
culated as [29] Felastic/kT ∼= NPS(σa2)2. The balance be-
tween the repulsive and the sticking energies results in

σ ≈ a−2 [εNPI/NPS ]
1/2

, where ε = χ + rδ. The block
copolymer surface excess is then,

z∗ ∝ σNBCPυ ∝ a

[
εNPI

NPS

]1/2

NBCP (4a)

which leads to the limiting behavior

z∗dry brush ∝ ε
1/2

[
1− fPS
fPS

]1/2

NBCP . (4b)

In this regime the average volume fraction of dangling
chains inside the adsorbed layer ϕ̄ ∼= O(1). In this ap-
proach the influence of the small chemical difference be-
tween the deuterated dangling chains and the matrix hy-
drogenous homopolymer is not included [27] because, in
the dry brush regime, the P chains are expected to be
almost completely expelled from the brush. Moreover the
equilibrium between the adsorbed chains and possible free
diblock chains in the matrix is not taken into consideration
(a detailed free energy calculation has been performed by
Budkowski et al. [13]).

For intermediate σ values in the overlapping mush-
rooms regime (it was also called non-stretched brush [28]),
the repulsive interactions are not sufficient to swell the an-
chored chains and the conformation of the grafted chain

remains Gaussian, i.e. L ≈ aN
1/2
PS ; for P > NPS this

regime is attained for N−1
PS < σa2 < N

−1/2
PS . In this regime

the tethered chains behave as if they were isolated; there
is no significant stretching and no penalty due to mix-
ing with similar chains. Two different end-tethered chains
overlap in this regime but the Flory approach shows that
this does not lead to any difference in the free energy
because of the screening. This means that from a free
energy point of view essentially there is no real border
between this regime and the non-overlapping mushroom
regime [46]. Besides one cannot use arguments similar to
those for the brush regime in order to estimate the depen-
dence of the anchoring density (and thus of the adsorbed
amount) on the copolymer block molecular weight. There-
fore, the scaling of the adsorbed amount on diblock com-
position (Eq. (3)) should also more or less extend in the
overlapping mushrooms regime. It is noted that the av-
erage volume fraction of the dangling chains inside the

adsorbed layer is N
−1/2
PS < ϕ̄ < 1, i.e. larger than in the

non-overlapping mushroom regime.
The dependence of the surface excess, z∗, on the com-

position of the diblock copolymer is thus given by equa-
tions (3, 4) for the limiting mushroom and dry brush
regimes. It is the crossover between these different regimes
which may potentially lead to a maximum of the surface
excess z∗ versus fPS . However, the characteristics (height
and position) of this maximum depend on the sticking
energy parameter ε and on the molecular weights of the
copolymer and the matrix. The maximum may thus be
very shallow or outside the range of our experiments. For
example, one can question whether the diblock copolymer
systems investigated allow access to all the three regimes
above. The fraction of the polyisoprene anchoring blocks
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in our systems cover the range from 26% for SI-76 to 73%
for SI-30 (since the SI-20 showed dewetting). According
to the discussion above diblocks with fPS < 0.5 (i.e.,
polyisoprene fraction larger than 0.5) should fall in the
non-overlapping mushroom regime, whereas it is appar-
ent that even the shorter polyisoprene block (26%) is not
short enough to allow the brush conformation (for the be-
havior in solution see Refs. [8,9]). Therefore, our systems
apparently span the non-overlapping mushrooms and the
overlapping mushrooms regimes without the data allow-
ing identification of any clear border in between. Note,
however, that the data do not even follow equation (3) for
the mushroom regime.

4 Concluding remarks

Using the 15N nuclear reaction analysis technique the
surface segregation of poly(styrene-block-1,4 isoprene) di-
block copolymers has been investigated in thin films
of polystyrene/diblock mixtures; the concentration pro-
files of the block copolymers were measured in a matrix
of deuterated polystyrene. A segregation of the diblock
copolymer was found at the free surface as well as at the
polymer/substrate interface. The quality of the samples
measured was characterized by X-ray reflectometry and
it was found that the surface roughness was comparable
to a homopolymer polystyrene film. The only exception
was the film with the highest polyisoprene content where
auto-dewetting was observed. For a series of copolymers
with almost constant total molecular weight the surface
excess was determined as a function of chain composi-
tion. A very weak (if any) dependence of the surface ex-
cess was observed on the diblock composition. The results
were discussed on the basis of Flory-type arguments for
the dependence of the adsorbed amount on block length
ratio. Relevant parameters like the sticking energy ε are,
however, not known and a more detailed theoretical model
for the melt case is needed.

Currently, this work is being extended by investigating
the detailed segment density profiles of the dangling chain
of diblock copolymers adsorbed from the melt using neu-
tron reflectivity and utilizing a series of diblocks with the
same molecular weight of the dangling chain and different
molecular weights of the anchoring block; the results will
be reported elsewhere.
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