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First-order wetting transition at finite contact angle
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The wetting of a polymer brush by a melt of similar chains can have a window of complete wetting with a
classical allophobic wetting transition at low grafting densityand an autophobic one at high However,
when the melt chains are much longer than the brush chains, the contacteaggles through a nonzero
minimum whereda/do has a jump. A self-consistent-field analysis and experimental observations indicate a
double-well disjoining pressure curve, consistent with a first-order wetting transition at diniféhe meta-
stable contact angle can become zero.
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The control of the wettability of surfaces is an important The wetting behavior near a solid substrate onto which a
aspect in many research fields spanning the full spectrurpolymer brush is administered is unusual, basically because
from fundamental science to engineering. One way to tunghere are interactions on two length scales that influence and
the wettability is to modify the surface by grafting molecules getermine the overall wetting behavi@4]. First of all there
onto them. End grafting of macromolecules onto surfaces ig he solid substrate. Interactions of the polymer chains with
an interesting option. When the chains are *planted” suchiis gypstrate are of short-range natee effect of long-
that they strongly laterally interact, one obtains a so-calle ange van der Waals interactions will be mentioned bglow

(polymep brush. Results of a wetting study of hOW ena- If the system is partially wet, the surface is allophobic with
grafted polymer moleculerush) influence the wetting of a respect to the melt. Second, there is the polymer brush. Typi-
solid substrate by a melt of similar chains is reported in this P ' ' poly - 1YP

paper. Our theoretical and experimental results show that th%a"y' the gr.afted chains may assist in obtaining a low contact
current wetting theory does not cover all possible scenario@Nd!€ and in favorable cases the surface may be wetted (
Classical wetting theor,2] allows strictly for first- and  —0)- When the melt does not wet its own brushis occurs
second-order wetting transitions from partial, the contacfS We Will see, e.g., when the grafting density is too high
angle a>0, to complete wetting, where=0. For a con- this is known as autophobicity. The structure of the polymer
tinuous wetting transitioisecond ordér the contact angle brush as a function of the grafting densityis well known.
goes smoothly to zero. However, a first-order wetting transiwhen the end-grafted chains laterally overlap, the chains
tion features a contact angle that is nondifferentiable at th&ust stretch strongly outwards and the brush height becomes
transition. Wetting transitions at finite contact angle are nof linear function of the lengtiN of the chains, i.e.HxN
envisioned by the classical wetting theory and have nevef5—10. In this limit the wetting behavior is determined by
been reported in the literature. the nature of the brush and the interactions occur on the
Wetting problems are complex because one always shouléngth scale proportional tp to H. At intermediate graft-
consider three phases. Typically, but not necessarily, one dhg densitiesgN~1, one may expect an interplay between
the phases is a solid substrate. The other two phases may leractions from the substrate and those originating from the
a binary liquid with a solubility gap, or a liquid with its brush.
vapor. Usually, the wetting theory is discussed in the setting According to the above, when the polymer melt does not
of a solid substrate in contact with a liquid-vapor system. Inwet the surfacdi.e., the allophobic regimeone may graft
the present paper we discuss a solid substith on top a  chains onto the surface to improve the wettability. These
polymer brushin contact with a polymer melt-vapor system. grafted chains are typically collapsed as a globule onto the
It is essential to mention that wetting transitions ocatir  surface when the substrate is in contact with the\sapop.
bulk coexistencehat is, the conditiorichemical potential of When the melt is applied on top of the substrate, the grafted
the liquid moleculesthat exists when a macroscopic amountchains can assume Gaussian-like conformations and this
of liquid is in equilibrium with its vapor. These should be swelling is the driving force for the wetting transition. In
distinguished from(first-ordey prewetting transitions. At a order to have such swelling of the grafted chains, they should
prewetting transition, there is a small jump in film thicknessbe accepted by the melt. Thus, there may be no enthalpic
from a microscopic to a mesoscopic value, which occursffects while mixing the grafted chains with the melt chains.
off-coexistence. The prewetting steps become more proFherefore, the grafted chains should preferably be chemi-
nounced when they occur closer to the coexistence value arally identical to the melt chains. Upon increasing the graft-
merge with the(first-orde) wetting transition where the step ing density of the polymer chains on the surface, it is known
in the isotherm diverges. It is interesting to note that thethat the properties of the brush become essentially indepen-
number of interfaces in the system is higher when the contaatent on the substrate onto which they are grafted. This is the
angle is finite than when the contact angle is zero. It has beereason why the wetting of a brush by chemically identical
argued that wetting transitions are true transitions just bemelt chains, as reported in the literature, rarely takes the
cause of this reduction of the number of interfaces that caproperties of the surface into account. According to the lit-
exist at coexistencE2]. erature one should expect an autophobic wetting transition,
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e.g., at high grafting density. The physical origin of this wet- cal weights of chain conformations are generated by a propa-
ting transition is basically understo¢dll,12. At high graft-  gator formalism that is the discrete version of the Edward-
ing density, the chains in the brush are strongly stretchedliffusion equatior{19]:
The segment density of anisotropically stretched chains in
the brush may even exceed the segment density of the dG(z;s) 9 ]
(weakly compressiblemelt. The chains in the polymer melt gs A2 ~u(@)|G(z;9), @)
that are placed on top of the brush are in random coil con-
formations. These chains can gain no free endigythis  wheres is the parameter counting the distance along the
case they cannot gain entrofdyy penetrating into the highly contour of the chain. This equation is complemented with the
oriented (and a bit densegrbrush. Therefore at sufficiently appropriate boundargabsorbing near the surface and reflect-
high grafting density an autophobic wetting transition is ex-ing at a distance far from the surfacand initial conditions
pected and seen experimentdlh8—16. Also in the limit of  (i.e., grafting condition for the brush chajndhe SF-SCF
grafting density unity, that is, when all the chains in theformalism features a segment potentif(lz)zln[go{’,/gov(z)]
brush are in the extended upright conformation, the top OHZXS\;(<¢V(2)>—¢3). The angular brackets account for non-
the brush is an impenetrable substrate again. The polyméocal interactions ¢(z))=~ ¢(2) +\d°¢(2)/9z* and ¢3~1,
melt chains experience conformational entropy loss neaThese nonlocal contributions are essential for the correct
such a surface and this entropy loss is the reason why thanalysis of interfacial problems. The segment densities fol-
polymer melt does not wet the solid substrate made ofow from two complementary Green’s functions, one com-
chemically identical moleculds7]. The two wetting transi- puted with Eq.(1) starting from segmens=1 leading to
tions (allophobic and autophobjiadiscussed above depend G(z;s) and, the other one starting form the other eeN
obviously on the properties of the solid substrate and, whefor P) leading to  G"™(zs): #(2)
the chemical identity of the brush and the melt chains is= Ce"®@2.G(z;5)G'™(z;s). The normalization for the
insisted upon, on the chain length disparity between th@rafted chains is proportional to the grafting density whereas
brush chains and the melt chains. Below we will fix the the normalization for the melt chains is fixed by the amount
surface properties and elaborate on the effect of the chaiff of meltin the system. . S
length difference between the melt and the brush chains. _FOr a particular self-consistent-field solutiomhich is ob-
Our theoretical approach is based upon a numerical self@ined numerically the segment potentials and the segment
consistent-field analysis, making use of the discretizatiorﬁjet‘ns't'es are internally anql mutually con5|st_ent.. On top of
scheme of Scheutjens and FI¢&F-SCB. This theory has this, the local volume f_ractlons add up to unity, |.¢_V(z)
been applied to the wetting of polymer brushes befarzg). =1—¢g(2) for all coordlna_tei. Fo_r such a SCF solution the
The method allows for the evaluation of the equilibrium den—rGIGVant structure of the mterf_amal Iayg_r may be analyzed.
sity profiles of the relevant interfaces in the system as well agnporta_nt for the §tudy O.f wetting transitions s the accurate
an accurate evaluation of tiimean field surface free ener- evaluation of the |n.terfaC|aI free energies. Let us refer to the
gies. In the method, only short-range nearest-neighbor con2Por a_sV, the_ solid asw, and_ the.melt as. Then three
tact energies are accounted for and parametrized by the welfterfacial tensions may be definedyy, yw., andy,y for
known Flory-Huggins interaction parameters. The modeFhe waII.—vapor, the wall-liquid, and the Ilqu[d—vapor.tensmns,
system is designed such that there are minimum number gESPectively. The contact angle is easily obtained from
parameters. To this end we introduce a substrate compos gungs law:
of units of typeS with a fixed Fresnel-like structure: the
volume fractioneg(z) =1 whenz=0 and zero otherwisez( cosq= TWv_YwL_ Ywv~ (Ywit Vi)
. . . . . . a= =1+
is thus the spatial coordinate which gives the distance to the YLv YLv
wall; all linear dimensions are normalized to the segment
size). Onto this interface flexible chains with lengthcom- — 14 Ythin™ Vthick, )
posed of units of the typ& (S)y are end grafted, i.e., the YLv
first segment is restricted o= 1. The wetting component is
a melt composed of homopolymers of lendthcomposed which defines bothy,i, and yuhick @s two interfacial ten-
again of segments of typ8 i.e., (S)p. The compressibility sions that are readily available from the calculations. The
of the melt plus brush system is realized by introducing aremaining surface tensiop \ is found from the equilibrium
monomeric solvent\),, which may be interpreted as va- vapor-melt interface. In our calculationg,=0.13483 in
cancies. In this case the SF-SCF method is similar in spirit tanits of kgT per site.
a classical lattice-gas theory. The only Flory-Huggins inter- In Fig. 1(a) the contact angle is plotted as a function of
action parameter is the one betweémands i.e., xys. The the grafting densityr for P=100,500. WherP<N, there is
value used for this parameter is chosen such that tha window of complete wetting, i.e., the contact andfier
polymer-vapor system has a pronounced solubility gap, i.eP=100) is zero in the range 0.0052r<0.122. It is evident
there is a sharp polymer-vapor interface. Throughout thighat the wetting transition at low grafting densities is of first
work a value ofyy,s=1 is used. The grafting density, i.e., the order. Thea(o) pinches upon thexr=0 axis with a finite
number of grafted chains per unit area,is varied but the angle. The wetting transition at high grafting densities is of
length of the grafted chains is fixed = 200. The statisti- second order. This is in line with recent work of Mueller and
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Dowell [15]. With a similar SCF technique they also report such a way that with increasing film thickness the chemical

first- and second-order wetting transitions. potential increases and the surface free energy decjeases
For the following analysis it is not necessary that this lastphase transition is found. The lower branch of the surface

transition is indeed of second order. Long-range van defree energy is always the most favorable one and represents

Waals forces may cause this transition to be of first order athe stat_)le branch. _

well without consequences for our arguments. WRerN, The inspection of Fig. @) shows that foro>c* there

the contact angle does not reach the wetting valeed and ~ are lines crossing at a value of the chemical potential which

remains finite for all values of the grafting density Inter- 1S Pelow the saturation value. This means that there is a jump

estingly, the curve of() is not a smooth function; there is ({irst-Order transition from a microscopic to a mesoscopic

a sharp break ar* =0.0113165. film thickness that occurs off-coexistence. Again this is a
A few relevant adsorption isotherms, in which the excess rewetting transition, and is S|m|Ia_1r to the (_:I_assu:al case as-

' Sociated with the first-order wetting transition at. We

amountl‘w@l of po'ym?r melt chains IS given as a function discussed befor8] the unusual scenario of having a prewet-
of the chemical potential, are pl_otted n _Fga}z Here we ting step in the isotherm in connection with partial wetting,
have colllected results for a grafting density jUSF below, Clos%owever, this phenomenon has not yet been associated with
to, and just abover™. The isotherms have a pair of van der {he wetting transition discussed in this paper. In Figp) 2he
Waals-like loops. The one at lowestis a residual feature of |ines in the cusp cross exactly at the coexistence value for
the first-order wetting transition as found for systems withs* =(.113 165. This is the special condition which signals a
small values oP. The second loop at highé&ris the residual  true wetting transition in the system; the jump occurs at co-
of the second-order wetting transition for smaller It is  existence. In Fig. @), the cusped figure has no crossings of
necessary to understand which parts of the loops are stablimes for c=0.011<¢* and thus at this grafting density
and which parts are metastable or unstable. This may b#here is no jump in adsorbed amount. There exist, however,
investigated using the classical Maxwell constructions. Anvalues foro such thate* >o¢>0.011 for which the step in
alternative is to investigate the cusplike figures found bythe isotherm occurs at.>pu”. These transitions may be
plotting the surface free energy as a function of the chemicatalled postwetting transitions. We haste to mention that
potential. In Fig. 2b) the three cusped figures are shown.postwetting transitions cannot be observed experimentally
When two lines(for a giveno) in such a figure crosén because they occur for> u”.
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FIG. 2. (a) Adsorption isotherms of the excess amount of polymer melt chain§00 on the surface as a function of the normalized
chemical potential for three values of the grafting density of the brush. The chemical potential at coexistence is gifferibbyThe
corresponding surface free ener@hifted and in units okgT per site versus normalized chemical potential units ofkgT). The vertical
dotted line represents the coexistence values. The arrow pointing to the right gives the vialte f;,, the arrow pointing to the left
givesF7= yinick -
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The curve ofF?(T") ends atu”, indicated by the vertical A
dotted line. If this end point is the lowest i, the system 7
is wet. If it is not the lowest point at coexistence, the system
is partially wet. From the cusps in Fig(l® it is concluded
that all three cases correspond to partial wetting: the surface
free energy at coexistence for the thick filmdicated by the
arrows pointing to the leftis higher than the corresponding
surface free energies of the thin filrterows pointing to the
right). The contact angle is proportional to this difference
[see Fig. 1 and Eq2)].

Results of Fig. 2 thus prove the first-order character of the
transition ato*. Below the transitiong<<o*, the contact
angle is found by comparison of the surface free energies of
the microscopically thin and the macroscopically thick films.
Above the transition, i.e., whea>¢* the contact angle is
found from comparison of the surface free energies of the
mesoscopically thick film in relation to the macroscopic film.
Exactly at the transition, the jump in the adsorbed amount FIG. 3. An atomic force microscopi¢AFM) image of a 6
from microscopic to mesoscopic amounts of the wettingx6 um area of the dewetting patterns found when a melt of poly-
component occurs at the coexistence value. In other words, siyrene(PS with length P~1800 was annealed on a brush of the
macroscopic drop will coexist at the wetting transition with same molecules. Bright spots are the highest point, the black re-
two film thicknesses. One of these films is microscopicallygions are the regions with a very thin polymer film. Experiment: a
thin and the other is of mesoscopic size. Associated with thisilica surface was covered by a poly-4-vinylpyriditReVP) layer.
first-order transition there are classical prewetting and nonIhe PS chaingend grafted on the PVfhad a lengtiN~200 and a
classical (experimentally inaccessiblepostwetting transi- density ofo~0.2 chains per nf The melt was spin coated on the
tions. Of course the prewetting step does not diverge when Rrush and annealed undeacuoat T=145° C for 12 days. More
merges with the wetting transition at coexistence because tHitails on the experimental conditions are found in REg).

contact angle at the transition is not zero. I1(d) features a double minimum especially in the region

The binodal for the first-order transition is located at theyhere the contact angles are small. Such a disjoining pres-
transitiono™. Spinodal points may also be identified as thesyre curve was already anticipated by Landau and Lifshitz
end points of metastable lines. Using this ansatz, the WP22]. We have experimental evidence that such a double-
spinodal points are referred to a$ ando™ and are indicated  minimum disjoining pressure curve exists in an experimental
in Fig. 1(b). In this figure the spreading parameis plot-  system. In Fig. 3 we present an atomic force microscopic
ted as a function of the grafting density. The system is Parimage showing a dewetting pattern of a thin polystyré?®
tially wet whenS<0 and completely wet whe8=0. The  fjlm spin coated on a PS brush. The dewetting occursPfor
metastable branches 8{c) curves are dotted in Fig.()). >N and at intermediate grafting densities, by the breakup of
The metastable branches were found by computing the coRhe homogeneous film such that “hillgsmall drop$ form
tact angle using the surface free energy difference betweeg|rrounded by “holes” immersed in regions with intermedi-
the (metastablemicroscopic thick film and the macroscopic ate film thickness. Throughout the mesoscopically thin film
thick film in the case that> o™, and the surface free energy there are also isolated spherical holes and isolated hills
difference between thémetastable mesoscopic thick film  (dropg. Apparently, the drop can coexist with two film thick-
and the macroscopic thick film in the case thato™. In-  pesses, one microscopically thin and another mesoscopically
terestingly it is found that in the metastable branches thehin. Such peculiar dewetting patterns are consistent with the
spreading paramete® can assume the complete wetting SCF calculations and with a double-well character of the
valueS=0. This means that the metastable contact angle cagisjoining pressure. Direct simulations of the dewetting pat-
go to zero. It is expected that the lifetime of the metastabl@erns of thin polymer films have recently been performed by
wetting layers(with «=0) is very long. This observation is Sharma and Khann@3]. They applied Navier-Stokes fluid
of importance for the understanding of dewetting kinetics ofdynamics to thin films. The finite film-size effects were in-
polymer films on brushef0,21. It is of interest to mention  cluded by an arbitrary shape of the disjoining pressure
that the “spinodal point’c’ occurs exactly at the valu8  curves. Application of this method to a double-well disjoin-
=0, whereas the other poimt” occurs(in this casg¢ for S ing pressure diagram resulted in patterns very similar to
>0. The possibility to have metastable films vanishesthese shown in Fig. 3. The characteristic hills and holes pat-
smoothly ate’ and the end point" behaves as a second- tern in an otherwise homogeneous film with intermediate
order transition. Interestingly, the possibility to have meta-thickness does not appear when the disjoining curves are
stable states vanishes @t in a jumplike fashion. classical, i.e. when there is just a single minimum.

If the adsorption isotherm is rotated by 90°, and when the The wetting transition at finiter conserves the number of
adsorbed amourt is translated into a film thicknesk(there  interfaces and thus the argument mentioned above that this
is a trivial one-to-one relationone obtains a so-called dis- number should change at a wetting transition is invalid.
joining pressurdl vs d diagram. Fig. 2a) thus proves that Moreover, the fact that one can have wetting transitions at a

051801-4



FIRST-ORDER WETTING TRANSITION AT FINIE . .. PHYSICAL REVIEW E 66, 051801 (2002

finite contact angle damages the framework of the classicdh this case the region Da<a* is accessible. As was
wetting theory. The classical wetting theory exclusively dealsshown above, one can find meaningful metastable states and
with completewetting transitions, where the adjective “com- spinodal conditions. This finding is of large importance to
plete” refers to the wetting condition ai=0. The classical understand the kinetics of dewetting. Indeed, the incomplete
wetting theory suffices when the wetting component has inwetting transition(at finite contact angleis in line with the
teractions with the substrate essentially on one length scalghase transition theorf22] and should be considered more
Then only complete wetting transitions can occur. If the in-¢|assical then the complete wetting transitiongrat0.
teractions of the wetting component with the substrate are of course there exists a rather conservative solution to
more complex, that is, when interactions on Wew more a6 the classical wetting theory. One may decide that the
§\/etting transition is just one member of the family of surface
gase transitions. Wetting transitions are those surface phase
ransitions that deal with the change from partial to complete

more rich than anticipated by the classical wetting theory. A
a consequence, the classical wetting theory must be extend
to account forincompletewetting transitions. The adjective . ) . . S
“incomplete” points ?o the Wett?ng transitions at finiie con- wetting, that S, atgzo. In. this restricted view it is not
tact anglea>>0. Such an extension is not a minor one. Whenécessary to identify th_e d|ffere_nf:e betwc_aen complete wet-
first-order phase transitions are considered, one typically cafi?d Of incomplete wetting transitions as introduced above.
distinguish binodalthat is, the exact transition pojnand The first-order transition dlsqqssed in thl; paper is then just
spinodal conditions, where the system becomes intrinsicall@nother surface phase transition, to be distinguished from a
unstable. Between the binodal and spinodal conditions, th@etting transition. The disadvantage of choosing for this way
System is metastable. Comp|ete Wetnng transitions occur &Ut is that it is not obvious how then one shall differentiate
a=0. As it is impossible to haver<0, it does not make between, e.g., surface phase transitions that omeuor off-
sense to discuss metastable branches or spinodal conditiop@existence. Indeed, it will prove necessary to introduce the
in the context of complete wetting transitions. However, thissame terminology as in wetting theory for the more general
is no longer the case when a first-order wetting transitiorsurface phase transitions. This type of redundancy in lan-
occurs at a finiter= a* >0 (incomplete wetting transitions  guages appears not very elegant to us.
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