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Interfacial Segregation in Disordered Block Copolymers: Effect of Tunable Surface Potentials
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The response of disordered P(d-S-b-MMA) diblock copolymers to variable strength surface fields
has been studied by neutron reflectivity. Surface interactions were controlled by end grafting P(S-r-
MMA) random copolymers with various styrene contents onto Si substrates. The degree interfacial
segregation of the block copolymer was proportional to the surface potential. A first-order transition
in the degree of segregation was observed as the brush composition was varied. Conditions were
found which yielded neutral boundary conditionssimultaneouslyat the vacuum and substrate interfaces.
[S0031-9007(97)03464-9]
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The presence of a surface or interface can strongly
fluence the phase behavior, morphology, and kinetics
a multicomponent simple or complex fluid. One compo
nent typically has a lower interfacial energy than the ot
ers, leading to phenomena such as critical point wetti
[1,2] and surface enrichment [3], surface directed spin
dal decomposition [4–6], and surface-induced orderi
and orientation [7–10]. Studies of these phenomena ha
typically focused on the behavior of two-component sy
tems (denotedA andB) at interfaces where the interfacia
energy differenceDg  gB 2 gA is large, such as the free
surface or the interface with a solid phase. The interest
case of a neutral interface, wheregA  gB, is normally
inaccessible even near a critical point.

Surface segregation in disordered symmetric diblo
copolymers has been studied theoretically [11,12]. T
volume fraction FAsrd of component A in the bulk
is equal to the average valuekFAl. Adjacent to an
interface, however, an excess of the lower interfac
energy block is predicted. The excess volume fra
tion of A, cszd  FAszd 2 kFAl, has the formcszd 
cs0d coss2pzyLd exps2zyjd, wherez is the distance from
the interface andcs0d is the excess ofA at z  0. In the
linear response regime [smallDg andcs0d] [13],

cs0d  2jlpsgB 2 gAdykT . (1)
cs0d can be positive or negative depending on the si
of gB 2 gA. The period L and decay lengthj are
related to the degree of polymerizationN and the Flory-
Huggins segmental interaction parameterxAB. At the
order-disorder transitionj becomes infinite andL equals
the lamellar period. The “packing length”lp (typically
several angstroms) is defined in terms of the monom
volume and statistical segment length [12].

Precise control ofDg can be achieved by end grafting
a layer of anA-B random copolymer, denoted P(A-r-
B), onto a surface, forming a random copolymer brus
[14–16]. Each chain in the brush consists of a rando
sequence ofA andB monomers wheref, the A monomer
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fraction, can be specified in the synthesiss0 , f ,

1d. If the grafting density is sufficiently high, then
polymer placed in contact with the modified surfac
interacts only with the brush. The interfacial energy
homopolymerA with the brush, denotedgAf , decreases
monotonically with increasingf. The opposite behavior
occurs for homopolymerB. In the N ! ` limit, gAf 
s1 2 f dgAB andgBf  fgAB [17]. Therefore,

Dg  gABs2f 2 1d (2)

can vary fromgAB at f  1 to 2gAB at f  0. At an
intermediate value off, Dg  0. Thus by accurately
controlling the composition of the random copolym
brush, aneutralsurface can be realized.

Here this surface modification technique is appli
to the study of interfacial segregation in disorder
diblock copolymers. Random copolymers of styre
and methylmethacrylate, withMw , 10 000 Daltons and
MwyMn , 1.1 1.8, were synthesized [18], and the
characteristics are reported in Ref. [14]. The rando
copolymers were end grafted from the melt onto po
ished silicon substrates by reaction of the terminal O
group on the copolymer chain with the native surfa
oxide layer [14]. This yielded a dried film thickness o
4–5 nm, after repeated rinsing with toluene to remo
unreacted chains, corresponding to a grafting density
,3 nm2 per chain. A P(d-S-b-MMA) diblock copolymer
(Mw  32 000 andMwyMn  1.04) was prepared anioni-
cally, using perdeuterated styrene for neutron contra
The volume fraction of styrene was 65%, as determined
C13 NMR. Diblock copolymer films,170 nm thick were
spin coated onto a series of substrates, each grafted
a random copolymer brush of different styrene conte
f. The samples were annealed at 150±C for 24 hours
and quenched to room temperature. Neutron reflectiv
measurements were made on the NG7 reflectometer a
National Institute of Standards and Technology usi
a neutron wavelengthl of 4.75 Å. The instrumental
© 1997 The American Physical Society 237
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resolutionDQzyQz was ,5%, whereQz  s4pyld sinu

andu is the grazing angle of incidence.
Neutron reflectivity profiles ofP(d-S-b-MMA) films on

polymethylmethacrylate (PMMA)s f  0d and polysty-
rene (PS)s f  1d brushes are shown in Fig. 1(a). Abov
a critical value ofQz  0.014 Å21 the reflectivity de-
creases rapidly and oscillates with a periodDQz  2pyd
whered is the thickness. The broad maximum in the r
flectivity profile centered atQz , 0.029 Å 21 results from
the periodic variation ofcszd near the substrate and fre
surface.

The reflectivity data were fit using the Parrat formalis
[19,20], assuming a model concentration profile of t
form

cszd  cs0d coss2pzyLd exps2zyjd

1 csdd cosf2psd 2 zdyLg expf2sd 2 zdyjg. (3)

The difference between the measured and calculated re
tivities was minimized by iteratively adjusting the mod
parameters. Equation (3) modelscszd with independent
composition oscillations at both the vacuum and subst
interfaces and is valid whend ¿ 2j. For the P(d-S-b-
MMA) films studied hered , 1700 Å, j , 200 Å, and
L , 270 Å. With Fsszd  kFsl 1 cszd and FMszd 
1 2 FSszd, the total scattering length densitysbyV d 
FSsbyV dS 1 FMsbyV dM . The room temperature sca

FIG. 1. (a) Reflectivity data from P(d-S-b-MMA) films on
substrates coated with end-grafted PMMAs f  0d and PS
s f  1d brushes. The points are the data, and the lines
calculated from the best-fit scattering length density profi
shown in (b). The model used to generate and fit thebyV
profiles is discussed in the text.
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tering length densities ofd-PS and PMMA are6.37 3

1026 Å22 and1.03 3 1026 Å22, respectively. The brush,
native oxide, and silicon substrate were modeled by in
vidual layers. All model parameters were allowed to var
However, onlycsdd, the styrene excess at the brush inte
face, varied in a systematic manner with the brush comp
sition. All other parameters were constant.

The byV profiles shown in Fig. 1(b) differ in that the
oscillations at the substrate are 180± out of phase with
each other. As expected, thed-PS block of the diblock
copolymer segregates to a PS brush, and the PMMA blo
segregates to a PMMA brush. The lower surface tens
componentd-PS segregates to the vacuum interface
both cases. The best-fit values ofcs0d and csdd from
all of the samples studied are shown in Fig. 2.cs0d is
independent of the brush composition, whilecsdd exhibits
a more dramatic and interesting behavior.csdd increases
linearly with f above an intercept off , 0.6, and saturates
to csdd , 0.3 (near the maximum value of 0.35 for this
block copolymer) asf ! 1. However, there is a sharp
discontinuity in csdd, for 0.63 $ f $ 0.58 going from
weak d-PS segregationfcsdd  0.05g to strong PMMA
segregationfcsdd  20.30g.

If Dg varies smoothly withf, then, from Eq. (1),
csdd should pass smoothly through zero at the value
f corresponding to a neutral interface, whereDg  0.
This assumes that the block copolymer interacts on
with the random copolymer brush and does not sen
the substrate. PMMA has a strong affinity for silico
oxide, while PS normally dewets from silica surface
Thus, a P(S-r-MMA) brush between an oxide substrat
and a PMMA layer (either a PMMA homopolymer o
the PMMA block of a copolymer) is potentially unstabl
against penetration by the PMMA through the brush
the substrate [21]. This is possible due to the relative

FIG. 2. The interfacial excess ofd-PS at the vacuum interface
[cs0d, triangles] and adjacent to the random copolymer bru
[csdd, circles]. There is an equal excess ofd-PS at the vacuum
interface for all of the samples, due to the lower surface tens
of d-PS. Thed-PS excess adjacent to the brush decreases w
decreasingf, and undergoes a first-order transition atf , 0.6.
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low grafting density of the amorphous brushes. T
associated stretching of the brush and the increa
number of S and MMA contacts represent entrop
and enthalpic barriers, respectively, which oppose
penetration of PMMA into the brush.

The observed first-order wetting transition atf , 0.6
(Fig. 2), therefore, corresponds to the onset of penetra
of the PMMA block through the brush to the substra
as the enthalpic barrier to penetration is reduced. Exp
ments withd-MMA homopolymer films on P(S-r-MMA)
brushes show a behavior similar to that of P(d-S-b-MMA),
whereas PS homopolymer films on random brushes
not exhibit this behavior [22], in keeping with the abov
interpretation.

The interfacial energy differenceDgs f d  gMf 2 gSf

was found to follow Eq. (1) [15] qualitatively, withgSM 
0.8 ergsycm2 and dsDgdydf  2gSM , 1.6 ergsycm2.
Dg was equal to zero atf  0.57 6 0.05 rather than at
f  0.5 (indicating thatxAB is concentration [23] and
composition [24,25] dependent). The linear increa
of csdd observed here, forf . 0.6 (Fig. 2), is thus
qualitatively consistent with theory [13]. However, from
Eq. (2) dcsddydf  s2jlpykT ddsDgdydf , 3.7, using
dsDgdydf  1.6 ergsycm2, lp  3.4 Å, j  200 Å,
andT  425 K, whereas experimentallydcsddydf , 1.5
for 0.6 , f , 0.8 (Fig. 2). Thus, the observed degre
of segregation is approximately 2.5 times smaller th
predicted. This may be due in part to the fact that t
diblock copolymer used in this study is not symmetric
the S block is almost twice as long as the MMA bloc
Segregation of either block to a planar interface theref
necessitates some stretching and compression of the lo
and shorter blocks, respectively, in the direction norm
to the interface, which will tend to suppress segregat
relative to the case of a symmetric diblock copolymer.

Segregation at the vacuum interface is driven by the d
ference in the surface tensions of PS and PMMA,gS and
gM , respectively. Though differing by at most a few pe
cent [26],gS , gM over most of the temperature rang
between 100 and 200±C [9,10]. However,gM decreases
more rapidly with temperature thangS [26]. Therefore,
Dg  gM 2 gS decreases with increasing temperatu
Consequently, studies of segregation at the free surfac
the same diblock copolymer were performed as a funct
of temperature from 125 to 250±C, in an evacuated heate
cell. Samples were coated onto both a bare substrate a
substrate with anf  0.65 brush, providing strongly inter-
acting and nearly neutral substrate surfaces, respectiv
The scattering length densities were corrected for ther
expansion in analyzing the data.

Figure 3 shows reflectively data for both samples
225±C. While the reflectivity of the sample on the ba
substrate clearly shows a broad peak associated
interfacial segregation and the resulting periodic variat
of cszd, this peak is almost completely absent in the d
from thef  0.65 brush sample. The best-fit scatterin
length density profiles [Fig. 3(b)] indicate no segregati
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FIG. 3. (a) Reflectivity data from P(d-S-b-MMA) films on a
bare substrate, and on a substrate with anf  0.65 brush,
taken at T  225 ±C. Note the almost total absence of th
broad peak atQz  0.029 Å21, which arises from interfacial
segregation, in thef  0.65 brush sample. Points are data
lines are calculated from the scattering length density profi
shown in (b).

at the vacuum interface in either sample at this temperatu
and the same is true at thef  0.65 brush interface [to
within the uncertainty in determiningcs0d]. The absence
of segregation at the free surface at this temperature is
to the disappearance ofDg  gM 2 gS , and is not due to
a reduction ofxSM . This is demonstrated by the presenc
of strong PMMA segregation adjacent to the bare substr
at 225±C, with L andj values similar to those observed
at 150±C (consistent with the extremely weak measure
temperature dependence ofxSM [27]). Segregation at the
free surface was fully restored when the temperature w
lowered (see Fig. 4), ruling out sample degradation.

The degree of segregation at both film surfaces is plott
as a function of temperature in Fig. 4, for the sample o
the f  0.65 brush. The degree of segregation at th
brushfcsddg has almost no temperature dependence, wh
cs0d decreases with temperature and goes to zero ab
225 ±C. Consequently, neutral boundary conditions can
obtainedsimultaneouslyat both the vacuum and substrat
interfaces by choosing an appropriate brush composit
and temperature. It should be noted that isotopic labeli
causes small changes in the surface tensions [3], and
temperature at whichDg  0 may therefore depend upon
the isotopic labeling of the components.
239
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FIG. 4. Best-fit d-PS interfacial excess versus temperatu
for the film on an f  0.65 brush, at the vacuum and
brush interfaces. Strongd-PS segregation to the free surfac
was restored when the temperature was lowered to 125±C
(triangles), ruling out sample degradation as the cause
reduced segregation at high temperatures.

In conclusion, these studies have shown that surface
teractions of P(S-b-MMA) block copolymers at the vac-
uum and substrate interfaces can be precisely tuned
in fact, completely neutralized. Using end-grafted P(Sr-
MMA) random copolymers, quantitative control over th
interfacial interactions at the substrate can be achiev
The data presented support a linear variation of surf
segregation with the strength of the surface potentialDg.
Evidence for a first-order transition in the degree of se
regation was observed, which results from the attract
of the PMMA block to the substrate and thef-dependent
free energy barrier presented by the brush. While we h
demonstrated these effects using block and random cop
mers of PS and PMMA, related studies should be poss
with many other systems. The surface tension differe
of PS and PMMA at the vacuum interface can be tun
and neutralized by varying the temperature. While t
behavior is fortuitous, it allows independent control of t
interface potential at both film surfaces, making the syst
studied here particularly useful for studies of interfacial e
fects in thin films of block copolymers and blends.
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