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We investigate a wetting reversal transition in thin films of two-phase mixtures of poly(ethyle
propylene) (PEP) and its deuterated analog (dPEP) on substrates covered by self-assembled mo
(SAM) whose surface energy,gSAM, is tuned by varying the SAM composition. AsgSAM increases
from 21 to 24 mJym2, a transition from a dPEPyPEPydPEPySAM to a dPEPyPEPySAM structure
occurs at increasingTC 2 T , whereTC andT are the critical and transition temperatures, respective
The dependence ofT on gSAM is predicted by a simple model from surface and interfacial energies
PEPydPEP. [S0031-9007(97)03445-5]

PACS numbers: 61.25.Hq, 68.10.–m, 68.45.Gd, 83.80.Es
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The behavior of phase-separated polymer mixtures
been the subject of much theoretical and experime
work in the past few years. Upon quenching into the u
stable region of the phase diagram, critical mixtures oA
andB polymers phase separate intoA-rich andB-rich co-
existing phases. In the bulk, the concentration fluctuati
that govern the phase separation process are random.
result, the final morphology consists of mutually interco
nectedA-rich and B-rich domain structures that coarse
slowly with time [1]. However, in thin films the situ
ation changes drastically. The presence of additio
interfaces, i.e., mixture/surface and mixture/substr
causes the directions of the compositional waves
the mixture close to the interfaces to be modified su
that the resultant domains are oriented parallel to th
interfaces [2–5]. Hence the phase morphology and
time evolution in thin, phase-separated polymer films
governed by an interplay between phase-separation
cesses and interactions of theA-rich andB-rich polymer
phases with the air and with the substrate. While the
surface will always prefer the low surface energy (s
the A-rich phase), the substrate interfacial preferen
can change from theA-rich phase to theB-rich phase
if the nature of the substrate surface changes [3–5]
for a constant substrate surface, as the composition
the A-rich phase changes [2]. Thus, if the properties
the substrate surface can be tuned sensitively, it may
possible to observe a transition from a two-layer struct
(A-rich/B-rich/substrate) to a three-layer one (A-rich/
B-rich/A-rich/substrate) as the polymer mixture is cool
from the critical temperature.

In this Letter we demonstrate experimentally that t
possibility can be realized using phase-separated m
tures of poly(ethylene-propylene) (PEP) and its deu
ated analog (dPEP) deposited on substrates covered
self-assembled monolayers (SAM) composed of blend
thiols with hydrophobic and hydrophilic end groups.
agreement with previous experiments [4], the mixture/
interface is always found to be enriched by the dPEP-r
phase. However, depending on the composition of
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SAM, either a dPEP-rich or a PEP-rich phase wets
mixture/SAM interface. The transition from dPEP-rich t
PEP-rich (dPEP-poor) phase at the mixture/SAM interfa
takes place at a particular composition of the SAM or, f
SAM’s in a suitable composition range, it takes place
a particular annealing temperature. We will refer to su
a transition as a three-layer to two-layer transition. B
carrying out such experiments at different temperatures
the two-phase region, the phase diagram of three-laye
two-layer transitions is generated.

Smooth and well-characterized substrates are neces
prerequisites for accurate control of the interactions at
mixture/substrate interface. Such substrates can be
ricated by depositing SAMs of end-functionalized alk
nethiols onto gold [6]. If two thiols having differen
end groups are coadsorbed on the Au surface, the
face energy of the resultant SAM is related to the r
tio of the two thiols in the SAM blend. The exten
to which the SAM surface energy changes depends
the character of the thiol end groups. When the d
ference between the polymer/SAM interactions for bo
phase-separated phases is not substantial, such as in
topic polymer mixtures, one expects that by varyin
the surface energy of SAM one can induce either t
A-rich or the B-rich phase to wet the substrate. Th
SAM substrates were produced as follows. Thiol so
tions sconcentration, 1 mMd were prepared by codis-
solving 16-mercaptohexadecanoic acid, HSsCH2d15COOH
(courtesy of G. Whitesides, Harvard University), an
1-octadecanethiol, HSsCH2d17CH3 (Aldrich), in tetrahy-
drofuran. The mole fraction,x, of HSsCH2d15COOH
in the HSsCH2d17CH3 1 HSsCH2d15COOH blend ranged
from 0 to 1. The substrates for the SAMs were produc
by evaporating a layer of Au (,1500 Å thick) onto Si
wafers covered with a layer of Cr (,150 Å thick). The
latter served as an adhesion promoter for Au. The SA
were prepared by exposing the Au-covered Si wafers
thiol solutions for 24 h at room temperature. After a
sorption, the SAM monolayers were washed in tetrah
drofuran and dried with nitrogen. The surface energ
© 1997 The American Physical Society
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of the SAM monolayers,gSAM, were evaluated using th
geometric mean approximation (GMA) from the measu
ments of the advancing contact angle,u, of deionized
water and methylene iodide [7]. The resultant values
gSAM are plotted in the inset of Fig. 1. The data sho
that, by increasingx from 0 to 1,gSAM is increased from
,20 to 81 mJym2. The values of the critical surface en
ergies of SAMs,gSAM,c, were determined from Zisman
plots [8]. These were generated by measuringu using a
series of homologous alkanes [9] on SAMs withx rang-
ing from 0 to 0.4. At eachx the differences between
gSAM and gSAM,c were found to be less than1 mJym2.
This result confirmed the applicability of GMA in evalu
atinggSAM for substrates with lowx. Later in this Letter
we show that, within the investigated temperature ran
the three-layer to two-layer transitions are observed
SAMs with gSAM , 25 mJym2, which corresponds to
x , 0.4 [10].

The PEP and dPEP polymers were prepared by
drogenating and deuterating, respectively, anionica
polymerized 1,4-polyisoprenes [11]. The degrees
polymerization of both polymers,N , were,2280, which
leads to an upper critical solution temperature,TC, of
,93 ±C [12]. Thin films (,4000 Å thick) of critical
dPEPyPEP mixtures (50y50 yyy) were spin coated from
toluene solutions onto glass-microscope slides, floa
onto a bath of deionized water and picked up with t
SAM covered substrates. The samples were anneale
vacuum at four different temperatures belowTC, namely,
at 23, 44, 66, and 75±C for various times ranging from
four days (75±C) to three weeks (23±C). The annealing
times were chosen such that the samples reached equ

FIG. 1. Volume fraction profiles of dPEP in critica
dPEPyPEP mixtures,4000 Å thick annealed at 44±C for
110 h at SAMs withx ø 0.28 (open circles) andx ø 0.30
(solid circles). The depth coordinate of the dPEP volum
fraction profiles has been normalized by the total sam
thickness. The mixture/air and mixture/SAM interfac
are located at depths equal to 0 to 1, respectively. T
inset shows the dependence of the surface energy of S
gSAM, on the molar fraction of HSsCH2d15COOH in the
HSsCH2d17CH3 1 HSsCH2d15COOH blend,x.
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rium [13]. After annealing, the samples were quench
by immersion into a bath of liquid nitrogen to preserv
the structure. Conventional forward recoil spectrome
(FRES) was then used to measure the volume fract
profiles of dPEP and PEP in the samples [14].

Figure 1 shows the volume fraction profiles of dPE
in critical dPEPyPEP mixtures on SAMs withx ø 0.28
(open circles) andx ø 0.30 (solid circles) annealed a
44±C for 110 h. The volume fractions of dPEP in th
dPEP-rich and the PEP-rich coexisting phases are 0.
and 0.315, respectively [13]. Figure 1 shows that, in bo
samples, a dPEP-rich phase is present at the mixt
air interface, in agreement with previous experimen
[4,13,15]. This behavior is expected because the surf
energy of dPEP is lower than that of PEP [15]. Howev
depending on the substrate, either a dPEP-rich o
PEP-rich phase is present at the mixture/SAM interfa
Namely, for SAMs with x # 0.28, the mixture/SAM
interface is wet by the dPEP-rich phase, and for SAM
with x $ 0.30, the mixture/SAM interface is wet by the
PEP-rich phase. The transition from the dPEP-rich ph
at the mixture/SAM interface (three-layer structure)
the PEP-rich phase at the mixture/SAM interface (tw
layer structure) thus occurs for SAMs with0.28 , x ,

0.30, which corresponds to22.4 , gSAM , 23.5 mJym2.
The crossover from the three-layer to two-layer structu
was monitored at three additional annealing temperatu
below TC. The results are presented in the form
the phase diagram of three-layer to two-layer transitio
shown in Fig. 2.

In Fig. 2 we plot gSAM as a function of the anneal
ing temperature (bottom axis) and the volume fraction
PEP-rich phase at the coexistence,fPEP,coex (top axis).
At constant temperature,fPEP,coex is the same regardles
whether the dPEP-rich or PEP-rich phase wets the m
ture/SAM interface. The open and solid circles in Fig.
represent the three-layer and two-layer structures, resp
tively, as determined from the FRES experiments. T
solid line is a guide to the eye. The results in Fig.
show that with decreasing the quench depthsT ! TCd
the three-layer to two-layer transition takes place at low
values ofgSAM.

The free energies of the three-layer and two-layer str
tures,F3 andF2, respectively, can be estimated from

F3  gSAMydPEP 1 2gSAMydPEP 1 gdPEP , (1a)

F2  gSAMyPEP 1 gPEPydPEP 1 gdPEP , (1b)

wheregSAMydPEP andgSAMyPEP are the interfacial ener-
gies of the dPEP-rich and PEP-rich phases and the SA
respectively,gPEPydPEP is the interfacial energy between
the dPEP-rich and PEP-rich phases, andgdPEP is the
surface energy of the dPEP-rich phase. From Eqs. (
and (1b) we see that the three-layer structure will be
preferred configuration whengSAMyPEP 2 gSAMydPEP .

gPEPydPEP , whereas the two-layer structure will exist whe
gSAMyPEP 2 gSAMydPEP , gPEPydPEP . These relations
4947
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FIG. 2. Phase diagram of three-layer to two-layer transitio
at the dPEPyPEP mixture/SAM interface for mixtures anneale
at four different temperatures belowTC . The results are plotted
in the form of the surface energy of the SAM substrate,gSAM,
as a function of temperature (bottom axis) and the volum
fraction of PEP-rich phase at the coexistence,fPEP,coex (top
axis). The open and solid circles represent the three-layer
two-layer structures, respectively. The solid line is a guid
to the eye. The inset shows the positions of the three-la
to two-layer transition calculated using the model described
the text.

indicate that the transition between the three-layer and tw
layer structures takes place whenever the driving force
segregation of the dPEP-rich phase at the mixture/SA
interface sgSAMyPEP 2 gSAMydPEP d balances the energy
penalty associated with an additional interface in the bu
between the two coexisting phasessgPEPydPEPd. Because
the relevant experimental quantity we measure isgSAM,
we next try to relategSAMyPEP 2 gSAMydPEP to gSAM via
a simple model.

Dupré showed thatWsl, the work of adhesion at the
solid/liquid interface, is related to the surface energi
of the solid and liquid,gs and gl, respectively, and the
interfacial energy at the solid/liquid interface,gsl, via
Wsl  gs 1 gl 2 gsl [16]. Later, Good and Girifalco
proposed thatWsl can be approximated by a geometr
mean ofgs andgl [17], Wsl  2Fsgsgld0.5, whereF is
a correction factor for intermolecular interactions. If th
interactions between the solid and liquid are alike,F  1.
On the other hand, for disparate solid/liquid interfaci
interactions,F , 1. A combination of Dupré’s and Good
and Girifalco’s equations leads to a useful relation th
provides the means of estimatinggs. For the case of thin
films of dPEP-rich and PEP-rich phases, respectively,
SAM monolayers, the above treatment yields

gSAM 1 gdPEP 2 gSAMydPEP  2FdPEP sgSAMgdPEP d0.5,

(2a)

gSAM 1 gPEP 2 gSAMyPEP  2FPEP sgSAMgPEPd0.5.

(2b)
4948
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By subtracting Eq. (2a) from (2b), and assuming th
FdPEP  FPEP ø 1, we arrive at

sgPEP 2 gdPEPd 2 sgSAMyPEP 2 gSAMydPEP d

 2g0.5
SAMfg0.5

PEP 2 g0.5
dPEP g . (3)

As previously discussed, at the three-layer to two-lay
transition, gSAMyPEP 2 gSAMydPEP  gPEPydPEP . The
values ofgPEPydPEP were determined by using the for
mula proposed by Tang and Freed [18]. This formu
reproduces the result of Helfand and Tagami [19] in t
limit of infinite molecular weight and has been verifie
by Shull using self-consistent field calculations [20]:

gPEPydPEP  kBTar0sxy6d0.5

Ω
1 2

1.8
xN

2
0.4

sxNd2

æ1.5

.

(4)

In Eq. (4), kB is Boltzmann’s constant,T is the absolute
temperature,a is the segment length of the polymers
r0 is the monomer number density,N is the degree
of polymerization, andx is the interaction paramete
on the coexistence curve between dPEP-rich and P
rich phases given byx  0.16yT 2 4.6 3 1024 [13].
The values ofgPEPydPEP were generated usinga  8 Å,
r0  0.0077 Å23, andN  2280.

The symbols in the inset of Fig. 2 denote the valu
of gSAM calculated using Eq. (3), based on values
gPEPydPEP from Eq. (4), andgPEP 2 gdPEP determined
from Dg, the values of the surface energy difference b
tween PEP and dPEP as a function of the composition
PEPydPEP mixtures reported by Norton and co-worke
[15]. In the calculations we usedgPEP  30.6 mJym2

at 25±C and 2dgydT ø 0.052 mJym2 K [21]. The er-
ror bars denote the uncertainty in the transition values
gSAM based on the assumption that the values ofgPEP

are known to within61 mJym2. The agreement between
the measurement (main part of Fig. 2) and the calcu
tion (inset of Fig. 2) is excellent, particularly at sma
fPEP,coex. At larger fPEP,coex the small deviations be-
tween the measured and calculatedgSAM may be caused
by the assumption thatDg does not change with tem-
perature. Although the variation ofDg with temperature
is not expected to be large [15], it is evident from Eq. (
that even a small decrease inDg and thusgPEP 2 gdPEP

with increasing temperature could bring the calculat
gSAM closer to the experimental values.

In this Letter we have demonstrated that the ultima
phase morphology in thin polymer films can be co
trolled by suitably adjusting the polymer/substrate inte
actions and/or the annealing temperature. This cont
may be exploited in a number of ways. For examp
microcontact printing can be used to fabricate a late
pattern of compositionally different SAMs on the sub
strate surface. A phase-separated polymer mixture c
on such surfaces may then produce phase structures
are modulated laterally at one temperature but disapp
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at another one. One could also explore the phase m
phologies that will form if the temperature is change
from above the three-layer to two-layer transition to b
low it at various stages in the spinodal decompositio
process. It seems likely that interesting new morphol
gies may result.
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