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Wetting of Substrates with Phase-Separated Binary Polymer Mixtures
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We investigate a wetting reversal transition in thin films of two-phase mixtures of poly(ethylene-
propylene) (PEP) and its deuterated analog (dPEP) on substrates covered by self-assembled monolayers
(SAM) whose surface energysam, IS tuned by varying the SAM composition. Agay iNncreases
from 21 to 24 mJ/m?, a transition from a dPEMPEP/dPEP'SAM to a dPEPPEP/SAM structure
occurs at increasin@c — T, whereT¢ andT are the critical and transition temperatures, respectively.

The dependence df on ysay is predicted by a simple model from surface and interfacial energies of
PEP/dPEP. [S0031-9007(97)03445-5]

PACS numbers: 61.25.Hq, 68.10.—m, 68.45.Gd, 83.80.Es

The behavior of phase-separated polymer mixtures haSAM, either a dPEP-rich or a PEP-rich phase wets the
been the subject of much theoretical and experimentahixture/SAM interface. The transition from dPEP-rich to
work in the past few years. Upon quenching into the un{EP-rich (APEP-poor) phase at the mixture/SAM interface
stable region of the phase diagram, critical mixturegiof takes place at a particular composition of the SAM or, for
and B polymers phase separate imterich andB-rich co- SAM'’s in a suitable composition range, it takes place at
existing phases. In the bulk, the concentration fluctuationa particular annealing temperature. We will refer to such
that govern the phase separation process are random. Asdransition as a three-layer to two-layer transition. By
result, the final morphology consists of mutually intercon-carrying out such experiments at different temperatures in
nectedA-rich and B-rich domain structures that coarsen the two-phase region, the phase diagram of three-layer to
slowly with time [1]. However, in thin films the situ- two-layer transitions is generated.
ation changes drastically. The presence of additional Smooth and well-characterized substrates are necessary
interfaces, i.e., mixture/surface and mixture/substrateprerequisites for accurate control of the interactions at the
causes the directions of the compositional waves imixture/substrate interface. Such substrates can be fab-
the mixture close to the interfaces to be modified suchicated by depositing SAMs of end-functionalized alka-
that the resultant domains are oriented parallel to theseethiols onto gold [6]. If two thiols having different
interfaces [2—5]. Hence the phase morphology and itend groups are coadsorbed on the Au surface, the sur-
time evolution in thin, phase-separated polymer films iface energy of the resultant SAM is related to the ra-
governed by an interplay between phase-separation préio of the two thiols in the SAM blend. The extent
cesses and interactions of therich andB-rich polymer to which the SAM surface energy changes depends on
phases with the air and with the substrate. While the aithe character of the thiol end groups. When the dif-
surface will always prefer the low surface energy (sayference between the polymer/SAM interactions for both
the A-rich phase), the substrate interfacial preferencg@hase-separated phases is not substantial, such as in iso-
can change from the-rich phase to theB-rich phase topic polymer mixtures, one expects that by varying
if the nature of the substrate surface changes [3-5] othe surface energy of SAM one can induce either the
for a constant substrate surface, as the composition of-rich or the B-rich phase to wet the substrate. The
the A-rich phase changes [2]. Thus, if the properties ofSAM substrates were produced as follows. Thiol solu-
the substrate surface can be tuned sensitively, it may k#ons (concentration~ 1 mM) were prepared by codis-
possible to observe a transition from a two-layer structuresolving 16-mercaptohexadecanoic acid,(88,);5;COOH
(A-rich/B-rich/substrate) to a three-layer ond-fich/  (courtesy of G. Whitesides, Harvard University), and
B-rich/A-rich/substrate) as the polymer mixture is cooledl-octadecanethiol, HEH,);7CH; (Aldrich), in tetrahy-
from the critical temperature. drofuran. The mole fractiony, of HS(CH,);sCOOH

In this Letter we demonstrate experimentally that thisin the HYCH,);7CH; + HS(CH,);sCOOH blend ranged
possibility can be realized using phase-separated mixrom 0 to 1. The substrates for the SAMs were produced
tures of poly(ethylene-propylene) (PEP) and its deuterby evaporating a layer of Au~1500 A thick) onto Si
ated analog (dPEP) deposited on substrates covered wittafers covered with a layer of Cr150 A thick). The
self-assembled monolayers (SAM) composed of blends dhtter served as an adhesion promoter for Au. The SAMs
thiols with hydrophobic and hydrophilic end groups. Inwere prepared by exposing the Au-covered Si wafers to
agreement with previous experiments [4], the mixture/aithiol solutions for 24 h at room temperature. After ad-
interface is always found to be enriched by the dPEP-riclsorption, the SAM monolayers were washed in tetrahy-
phase. However, depending on the composition of therofuran and dried with nitrogen. The surface energies
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of the SAM monolayersysam, were evaluated using the rium [13]. After annealing, the samples were quenched
geometric mean approximation (GMA) from the measureby immersion into a bath of liquid nitrogen to preserve
ments of the advancing contact angtg, of deionized the structure. Conventional forward recoil spectrometry
water and methylene iodide [7]. The resultant values ofFRES) was then used to measure the volume fraction
vsam are plotted in the inset of Fig. 1. The data showprofiles of dPEP and PEP in the samples [14].
that, by increasing from 0 to 1,ysawm is increased from Figure 1 shows the volume fraction profiles of dPEP
~20 to 81 mJ/m?. The values of the critical surface en- in critical dPER'PEP mixtures on SAMs withr =~ 0.28
ergies of SAMs,ysam,., were determined from Zisman (open circles) andc = 0.30 (solid circles) annealed at
plots [8]. These were generated by measudngsing a 44°C for 110h. The volume fractions of dPEP in the
series of homologous alkanes [9] on SAMs witlrang-  dPEP-rich and the PEP-rich coexisting phases are 0.710
ing from 0 to 0.4. At eachx the differences between and 0.315, respectively [13]. Figure 1 shows that, in both
ysam and ysam. were found to be less thanmJ/m?. samples, a dPEP-rich phase is present at the mixture/
This result confirmed the applicability of GMA in evalu- air interface, in agreement with previous experiments
ating ysam for substrates with low. Later in this Letter [4,13,15]. This behavior is expected because the surface
we show that, within the investigated temperature rangegnergy of dPEP is lower than that of PEP [15]. However,
the three-layer to two-layer transitions are observed owlepending on the substrate, either a dPEP-rich or a
SAMs with ysam < 25 mJ/m?, which corresponds to PEP-rich phase is present at the mixture/SAM interface.
x < 0.4 [10]. Namely, for SAMs with x = 0.28, the mixture/SAM
The PEP and dPEP polymers were prepared by hyinterface is wet by the dPEP-rich phase, and for SAMs
drogenating and deuterating, respectively, anionicallywith x = 0.30, the mixture/SAM interface is wet by the
polymerized 1,4-polyisoprenes [11]. The degrees ofPEP-rich phase. The transition from the dPEP-rich phase
polymerization of both polymersy, were ~2280, which  at the mixture/SAM interface (three-layer structure) to
leads to an upper critical solution temperatufe, of the PEP-rich phase at the mixture/SAM interface (two-
~93°C [12]. Thin films (~4000 A thick) of critical  layer structure) thus occurs for SAMs with28 < x <
dPEP'PEP mixtures (5060 v/v) were spin coated from 0.30, which corresponds 2.4 < ysam < 23.5 mJ/m?.
toluene solutions onto glass-microscope slides, floated@he crossover from the three-layer to two-layer structure
onto a bath of deionized water and picked up with thewas monitored at three additional annealing temperatures
SAM covered substrates. The samples were annealed below Tc. The results are presented in the form of
vacuum at four different temperatures bel@w, namely, the phase diagram of three-layer to two-layer transitions
at 23, 44, 66, and 7%C for various times ranging from shown in Fig. 2.
four days (75C) to three weeks (2X). The annealing In Fig. 2 we plotysam as a function of the anneal-
times were chosen such that the samples reached equililmg temperature (bottom axis) and the volume fraction of
PEP-rich phase at the coexistenggsgp coex (tOp axis).
At constant temperaturespgp coex IS the same regardless

| o SAMwithx=02%8 sl ' 11 whether the dPEP-rich or PEP-rich phase wets the mix-
12| ® saMuwithx=030 E . ture/SAM interface. The open and solid circles in Fig. 2
& - i . represent the three-layer and two-layer structures, respec-
% 1.0} % e 1 tively, as determined from the FRES experiments. The
§ 08'_ =2 0';';'0'4 — 10_‘ solid line is a guide to the eye. The results in Fig. 2
g 'f.'ﬂ A show that with decreasing the quench defth— T¢)
£ 06 the three-layer to two-layer transition takes place at lower
£ values ofysam.
S 04 The free energies of the three-layer and two-layer struc-

tures,F; and F,, respectively, can be estimated from
0.2

‘ T F3 = ysamy/dapep t+ Z'YSAM/dPEP + yarep, (1a)
02 0.0 0.2 04 0.6 0.8 1.0 12 F,
Depth / Sample Thickness

= "YSAM/PEP T YPEP/dPEP T 7YdPEP, (1b)

. , . " whereysam/apep and ysam/pep are the interfacial ener-
FIG. 1. Volume fraction profiles of dPEP in critical . . .
dPEP'PEP mixtures ~4000 Ap thick annealed at 42C for ~ 9i€S of the dPEP-rich and PEP-rich phases and the SAM,

110 h at SAMs withx =~ 0.28 (open circles) andc ~ 0.30  respectively,ypep/apep iS the interfacial energy between
(solid circles). The depth coordinate of the dPEP volumethe dPEP-rich and PEP-rich phases, anggp is the
fraction profiles has been normalized by the total samplesurface energy of the dPEP-rich phase. From Egs. (1a)
thickness. The mixture/air and mixture/SAM interfaces and (1b) we see that the three-layer structure will be the

are located at depths equal to 0 to 1, respectively. The f d fi fi h = =
inset shows the dependence of the surface energy of SAMPFEIEITEA conliguration Wne€fsam/pEp = YsAM/dPEP

ysam, On the molar fraction of H&H,);sCOOH in the 7Ypep/dpEP, Whereas the two-layer structure will exist.when
HS(CH,);7CH; + HS(CH,);5sCOOH blend x. YSAM/PEP — YSAM/dPEP < YPEP/dPEP- Ihese relations
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@PEP,coex By subtracting Eq. (2a) from (2b), and assuming that
30F g ° . ~ 30 4
g N% iz (ypep — YapEP) — (VYSAM/PEP — YSAM/dPEP)
FE R o = 2 %ulriee — Y. @)
& ) 5 ]
é 6 ° * e As previously discussed, at the three-layer to two-layer
; i o T (O T transition, ysam/pEP — YSAM/dPEP = YPEP/dPEP. The€
E: 24 2 values of ypgp/apep Were determined by using the for-
i mula proposed by Tang and Freed [18]. This formula
2r = reproduces the result of Helfand and Tagami [19] in the
z limit of infinite molecular weight and has been verified
20" by Shull using self-consistent field calculations [20]:
10 20 30 40 50 60 70 8 90 18 04 115
T O YPEP/dPEP = kBTaPO(X/6)O‘5{1 - X—N - (XI.V)Z}
FIG. 2. Phase diagram of three-layer to two-layer transitions (4)

at the dPEPPEP mixture/SAM interface for mixtures annealed

at four different temperatures beld#. The results are plotted . , .
in the form of the sSrface energy of the SAM substratF;AM, In Eq. (4), ks IS Boltzmann's constant is the absolute
as a function of temperature (bottom axis) and the volumde€mperaturea is the segment length of the polymers,
fraction of PEP-rich phase at the coexistenéggp.ex (0P  po IS the monomer number density is the degree
axis). The open and solid circles represent the three-layer angf polymerization, andy is the interaction parameter
two-layer structures, respectively. The solid line is a guide

to the eye. The inset shows the positions of the three-layecr).n the coexistence curve between dPEP-rich and PEP-

i - _ —4
to two-layer transition calculated using the model described ifich phases given by = 0.16/T — 4.6 X .10 [13].
the text. The values ofypgp/qpep Were generated using = 8 A,

po = 0.0077 A=3, andN = 2280.

o - The symbols in the inset of Fig. 2 denote the values

layer structures takes place whenever the driving force fo pEp/apEp from Eq. (4), andypep — yapep determined
segregation of the dPEP-rich phase at the mixture/SAMrom Ay, the values of the surface energy difference be-

interface (ysam/pEp — Ysamyapep) balances the energy tween PEP and dPEP as a function of the composition of

penalty associated with an additional interface in the bullbEp/dPEP mixtures reported by Norton and co-workers
between the two coexisting phasesep/qpep). Because [15]. In the calculations we usegtprp = 30.6 mJ/m?

the relevant experimental quantity we measuredsm,  at 25°C and —dy/dT ~ 0.052 mJ/m*K [21]. The er-
we nexttry to relateysam/pep — ¥sam/apep 10 Ysam V& yor pars denote the uncertainty in the transition values of

a simple model. _ ysam based on the assumption that the valuesygfp
Dupré showed thaWy,, the work of adhesion at the gre known to within=1 mJ/m?. The agreement between

solid/liquid interface, is related to the surface energiespe measurement (main part of Fig. 2) and the calcula-
of the solid and liquid,ys and y,, respectively, and the tjon (inset of Fig. 2) is excellent, particularly at small
interfacial energy at the solid/liquid mterface/sl',_wa GpEPcocx. At larger ¢pepcoex the small deviations be-
Wa = vs + vi — va [16]. Later, Good and Girifalco  tween the measured and calculategyy may be caused
proposed thatV;; can be approximated by a geometric py the assumption thahy does not change with tem-
mean ofy, andy; [17], Wy = 2®(y,71)"%, where® is  parature. Although the variation dfy with temperature

a correction factor for intermolecular interactions. If thejg not expected to be large [15], it is evident from Eq. (3)
interactions between the solid and liquid are alike= 1. that even a small decreaseAny and thusypgp — Yapep

On the other hand, for disparate solid/liquid interfacialyy;itp increasing temperature could bring the calculated
interactions® < 1. A combination of Dupré’s and Good ysam closer to the experimental values.

and Girifalco’s equations leads to a useful relation that | this Letter we have demonstrated that the ultimate
provides the means of estima?ir}g. For the case o'f thin phase morphology in thin polymer films can be con-
films of dPEP-rich and PEP-rich phases, respectively, Okolied by suitably adjusting the polymer/substrate inter-
SAM monolayers, the above treatment yields actions and/or the annealing temperature. This control
may be exploited in a number of ways. For example,
microcontact printing can be used to fabricate a lateral
(2a) pattern of compositionally different SAMs on the sub-
strate surface. A phase-separated polymer mixture cast
on such surfaces may then produce phase structures that
(2b)  are modulated laterally at one temperature but disappear

YsaM T YdPEP — YSAM/dPEP = 2‘DdPEP(J’SAMYdPEP)O'5,
YSAM T YPEP — YSAM/PEP = ZCDPEP(YSAMYPEP)O'S-

4948



VOLUME 78, NUMBER 26 PHYSICAL REVIEW LETTERS 30UNE 1997
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. [8] W. A. Zisman, Adv. Chem. SedA3, 1 (1964).
gies may result. [9] The alkanes (surface tensions in /m}) used to measure
This research was supported by the Division of Ma-

. 0 for the Zisman plots were heptane (20.2), nonane (22.9),
terials Research, NSF Polymers Program, under Grfint undecane (24.8), dodecane (25.4), and hexadecane (27.6).
No. NSF-DMR92-23099. The use of the Central Facil-;10] Because at higher the interactions between the probing

ities of the Cornell Materials Science Center for the ion liquid and SAM are no longer purely dispersive, GMA is
beam analysis funded by the NSF-DMR-MRSEC pro- expected to fail in this regime.

gram is acknowledged. We are greatly indebted to F. §11] A. Zirkel, D. Richter, W. Pyckhout-Hintzen, and L.J.
Bates (University of Minnesota) for supplying PEP and Fetters, Macromoleculez5, 954 (1992).

dPEP, G. Whitesides (Harvard University) for donating[12] M.D. Gehlisen, J. H. Rosedale, F. S. Bates, G.D. Wignall,
HS(CH,);sCOOH, and B. Sauer (DuPont) for providing L. Hansen, and K. Almdal, Phys. Rev. Let8, 2452
the values of the surface energy of PEP. J.G. thank (1992).

. . . . FlS] J. Heier (unpublished).
C. Franck (Comell University) for useful discussions. [14] For a description of conventional FRES see, for example,

P. Mills et al., Appl. Phys. Lett45, 958 (1984).
[15] L.J. Norton, E.J. Kramer, F.S. Bates, M.D. Gehlsen,

[1] T. Hashimoto, in Materials Science and Technology, R.A.L. Jones, A. Karim, G.P. Felcher, and R. Kleb,
edited by E. L. Thomas (VCH, Weinheim, 1993), Vol. 12, Macromolecule®8, 8621 (1995).
Chap. 6, pp. 251. [16] S. Wu, Polymer Interface and AdhesiqiMarcel Dekker,
[2] U. Steiner, J. Klein, E. Eiser, A. Budkowski, and L.J. New York, 1982).
Fetters, Scienc®58 1126 (1992); U. Steiner, J. Klein, [17] L.A. Girifalco and R.J. Good, J. Phys. Chel, 904
and L. J. Fetters, Phys. Rev. LeT2, 1498 (1994). (1957);64, 561 (1960).

[3] F. Bruder and R. Brenn, Phys. Rev. Lei, 624 (1992).  [18] H. Tang and K.F. Freed, J. Chem. Ph94, 6307 (1991).
[4] G. Krausch, C.-A. Dai, E.J. Kramer, J. F. Marko, and F. S.[19] E. Helfand and Y. Tagami, J. Chem. Phys65, 3592

Bates, Macromolecule26, 5566 (1993). (1972);57, 1812 (1972).
[5] G. Krausch, E.J. Kramer, M.H. Rafailovich, and [20] K.R. Shull, Macromolecule&6, 2346 (1993).
J. Sokolov, Appl. Phys. Let64, 2665 (1994). [21] B.B. Sauer (to be published).

4949



