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Abstract

The equilibrium contact angles and line tensions of macroscopic droplets, composed
of star-shaped polystyrene macromolecules, on silicon oxide substrates, are shown to
be smaller than their linear analogs by approximately one and two orders of
magnitude, respectively. A precursor layer, of lateral dimensions and of thicknesses
on the order of nanometers, surrounds each droplet of low molecular weight linear
PS chains. Droplets composed of star-shaped molecules possessing a sufficient

number of arms, reside on a layer adsorbed to the substrate.



The topic of wetting continues to garner much interest for reasons that include the
fact that reliable strategies now exist to fabricate patterned surfaces possessing wetting
properties, tailored through surface chemistry and, or, topography, at the nano-scale.
Moreover the use of atomic force microscopy (AFM), and other techniques, capable of
imaging the structure of liquids at the nano-scale makes it possible to carefully examine
the role of short-range and long-range intermolecular forces on the structure and

dynamics of liquids on surfaces.[1-7]

The dimensions of droplets on a surface may be readily controlled, experimentally,
by inducing thin films, possessing specific thicknesses to dewet. The free energy per unit
area of a film of nanoscale thickness, 4, is determined by a combination of short- and
long-range intermolecular forces, embodied in an effective interface potential, ¢(h),
defined as the excess free energy per unit area of a film of thickness h. [4]: . When the
curvature, [1(h)=d@(h)/dh, of the interface potential is negative the film is unstable and
breaks up via a ‘’spontaneous’’ spinodal mechanism, otherwise it could be stable or

metastable, wherein the destabilization occurs via a nucleation and growth process.

Intermolecular forces are generally known to be responsible for the dewetting of
thin polystyrene (PS) films from oxidized silicon substrates (SiOy), resulting in the
formation of droplets, characterized by macroscopic contact angles; these droplets are
surrounded by a dense collection of considerably smaller droplets of nano-scale
dimensions (“nano-droplets”) [8-10]. The nano-droplets are believed to be remnants of a
very thin wetting layer, whose formation, and thickness, is implied by the shape (a
minimum) in the interface potential. While the driving force for their formation is

suggested to be entropic in origin, it remains an open question. Further insight into



fundamental issues regarding the role of entropy on the wetting of macromolecules may

be gained by considering branched molecules.

Theory and simulations reveal that star-shaped molecules are known to suffer a
much smaller entropic loss when adsorbed onto substrates [11-13] and they possess lower
surface energy, than their linear analogs of the same degree of polymerization, N.[14, 15]
We show that star-shaped polymers possess considerably lower contact angles and line
tensions than their linear analogs. Unlike linear chains, star-shaped polymers of
sufficiently high functionality, £, exhibit evidence of structuring at a substrate, stable (or

metastable) wetting layer formation, due evidently to entropic effects.

Thin films of a series of linear and star-shaped polystyrene (PS) molecules
possessing different functionalities (3-, 4-, and 8-arms) and different molecular weights
were prepared. The films were annealed at 160° C in vacuum until dewetting, droplet
formation, was complete, then probed using tapping-mode AFM (for more details on the
molecular characteristics of the polymer used in this study, sample preparation and AFM
measurements see Supplementary Material). The morphologies of the linear chain PS,
PS(M,, =5kg/mol), and the star-shaped PS, (8 arms and M,, per arm M,,"""=10 g/mol)
films of thickness 4 ~ 13 nm, at the final stage of dewetting are shown in FIG 1a and 1c,
respectively. A detailed assessment of the AFM images of a destabilized linear PS film
reveals the existence of two collections of droplets: macroscopic droplets, as shown in
FIG 1a, surrounded by nano-droplets. [10]., These nano-droplets are the result of the
break-up of the wetting layer (mesolayer that). The thin layer at the periphery of the

droplet, FIG 1b, the precursor layer, is a remnant of the mesolayer layer.



The behavior of the 3- and 4-arm star molecules (M,,"""=19kg/mol. and 4kg/mol.,
respectively) is similar to the linear chains; the mesolayer broke up into nanodroplets
(Figure S1 in Supplementary Material). Calculations of the total volume per unit area of
the nano-droplets indicate that the thickness of the mesolayer would have been /1~ 0.27
nm for the linear PS, hs> ™™ ~0.31 nm for the 3-arm star and As* ™™ ~0.72 nm for the 4-
arm star PS. The linear PS mesolayer thickness, based on its My, is in a good agreement
with the reported values [9, 10, 16]. Microscopically, the conformation of a single linear
chain in a melt, weakly adsorbed onto a surface, is determined by the competition
between a gain in adsorption energy, due to monomers in contact with the substrate, and
an entropic “repulsion” due to the loss of conformational entropy of the chain.[17] That
the thickness of the mesolayer was /1~ 0.3 nm (i.e.: thickness of the order of the
monomer size) indicates that the adsorbed polymer chains are laterally extended at the

substrate, maximizing their gain in adsorption energy.

In contrast, the 8-arm star PS film broke up forming a dense collection of
macroscopic droplets (FIG 1c¢), residing on a mesolayer layer of polymer of thickness 7.8
nm. The image in FIG 2a is a cross section of the edge of a film of initial thickness #=30
nm, which dewets leaving a uniform layer of thickness 4s**™=7.8 nm (FIG 2a, inset),
after scratching and annealing 12h at 160 "C. This layer is stable and in fact the
temperature dependence of its thickness, measured using in situ AFM, is plotted in FIG
2b. The kink in the plot at a temperature 7=103°C is evidence of a glass transition
temperature, 7,, which is 25 degrees higher than the bulk 7. It is consistent with prior

measurements of the thickness dependence of 7, of thin films of this polymer, in a larger



thickness range[18]. The important point is that the film is strongly adsorbed to the

substrate.

The contact angle, 0, of the macroscopic droplets at the final stage of dewetting
may be determined using the relationtan(@/2) = H /R,,, where H is the height and Rp the

radius of the droplet. [19]. @ is shown to decrease with increasing Rp, for all systems, FIG.
3, though the dependence gradually become weaker as the functionality of the molecule
increased; the slope is - 0.84 degrees/um and -0.89 degrees/um for the linear (/=2) and
the 3-arm star respectively. The slope is -0.67 degrees/um for /=4, and - 0.26 degrees/pm
for /=8 . Furthermore, the extrapolated contact angles, for infinitely large droplet
composed of linear molecules are similar with the 3-arm star (0*(linear) =21.72 + 1",

and 6*(3-arm) =20.5 + 0.8, respectively). In the case of the 4-arm star the angle
decreased to 6*(4-arm)=15.2 + 0.3", whereas for the 8-arm molecule the angle is nearly

an order of magnitude smaller: *(8-star) = 2.52" + 0.1. Clearly there is a systematic

trend, decreasing &* and slope, with increasing functionality of the molecule.

We now consider consequences of the effective interface on the structure of the
system, particularly with regard to the adsorbed layers. For the system of interest in this
study, the effective interface potential may be written as[10]:
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where dy is the thickness of the oxidized layer; Aairps-sio and Aairps-si, are the Hamaker
constants of the air/PS/SiOx and air/PS/Si systems, respectively: Agirps-siox= 2.93 x 102°

J and A.;pssi= - 4.87 x 102° J. The first two terms in this relation are the classical



unretarded van der Waals forces between the media PS, SiOy, Si; the third term, f,
represents the strength of the sort-range forces. The short-range contribution is estimated
by taking advantage of a relation between the measured contact angle of an infinite size
droplet and the global minimum of the effective interfacial potential. The minimum of the

interface potential is related to the contact angle 6 via @nin = yrLv(cos 6-1)[16].

We now discuss the surface tension of star-shaped polymers and compare it to the
linear chain system. Lattice theory predicts that the surface tension of a star-shaped
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polymer maybe reasonably represented by y*(M,)— y° (=) = pRT

where M, is the average number molecular weight, y(o0) is the surface tension at the
infinite M,, p is the bulk density, R is the universal gas constant (8.314 J K'mol™), T'is
the temperature, and U° and b represents the effective attractive, or repulsive,
interactions between the interface and the chain ends and branch point, respectively.
Minikanti and Archer, using self-consistent field theory, estimated that pRT(fU¢ +U")
= -5.4 mJEK g/m*Bmol, -6.6 mJEKg/m*@mol. And - 14. 5 mJEKg/m’*@mol., for the 3-
arm, 4-arm and 8-arm molecules, respectively. [15, 20]. 7" (e0) was estimated
experimentally measured values for the surface tension of linear PS melts at different
molecular weights and temperatures at 160 °C y"(c0)=30.8 mJ/m°[21] . p is taken to be

the mass density of an infinite molecular weight PS at 160 °C, 989 kg/m3 [22].

We determined the surface tensions of the star PS molecules, using the above
procedure, to be y>*™=30.5 mJ/m” , y***™=29.1 mJ/m? and y***™=29.3 mJ/m” for the

3-arm, 4-arm and 8-arm molecules, respectively. The surface tension of the linear PS



used in this study is, at T= 160 °C, y*=30.1 mJ/m? [21]. The line tension was readily
determined using cos(6(Rp)) = cos(6*) — I'/(y.yR) .[19] Based on the surface tension
of the linear and the star-shaped molecules and the cosf. vs. 1/Rp, data, it follows that the
line tensions of the polymers were: I'(linear)=2.61 x 10™'° J/m, T'(3-arm)=2.95x 10™°,
J/m T'(4-arm)= 4.94 x 10™"! J/m, and I'(8-arm)= 7.08 x 10™"* J/m. Clearly, the line
tension decreased with increasing functionality; it is two orders of magnitude smaller for

the 8-arm star-shaped molecule than the linear chains.

We estimated the minimum of the interface potential (eq. 1) for each polymer,
based on knowledge of the contact angles. For the linear chain system, ¢"min =.2.14
mJ/m?, ¢ min = -1.93 mJ/m? for the 3-arms, @ min = - 5.31 x 10" mJ/m? for the 4-arms,
and ¢ngin =.2.84 x 102 mJ/m? for the 8-arm, star-shaped molecules. These results

indicate that the spreading coefficients of the 4-arm star and the 8-arm molecules are one

and two orders of magnitude smaller that that of the linear chain.

We moreover determined the strength of the sort-range attractions by adjusting
the parameter f until the depth of the minimum in the effective interface potential
matched the experimentally measured values, based on the contact angles. The values
were " =1.88 x 107 J m® for the linear PS, and > =2.42x 107°Tm®, f*>* =429 x 10
777 m®, and £ = 1.95 x 107° J m® for the star-shaped molecules possessing 3-, 4- and 8-
arms, respectively. The magnitude of /8 is connected to the position of the global
minimum which for the linear PS is /iyn(linear) = 0.4 nm, /Apin(3-arms) =0.45 nm,

hmin(4-arms) = 0.8 nm, and /y,in(8-arms) =1.6 nm for the 3-, 4-, and 8- arm molecules,



respectively. These minima should, in principle, correspond to the thickness of the

. - 4- _
experimentally measured mesolayers Ay, hs¥ ™™ h* ™ and bt ™,

The locations of the minima of the effective interface potentials for the linear
chain the 3- and 4- arm star chain system is consistent with the mesolayer thickness of
these systems. We note that the mesolayer thickness for the 4-arm was approximately
twice as large as that of the linear PS and the 3-arm star PS. This observation is
rationalized in terms of the differences between the adsorption behavior and of star-
shaped and linear macromolecules at interfaces, which is especially important when the
functionality of the star polymer increases. The 4-arm star is expected to have stronger
entropic attraction with the substrate; the strength of the parameter £, an order of

magnitude smaller than that of the linear and the 3-arm star, corroborates this assessment.

We now discuss the apparently surprising thickness of the layer formed by the 8-

arm,

arm star-shaped molecules 4s™"'=7.8 nm. The radius of gyration of a star-shaped polymer

is given by <R§ >Smr 3= %2 <R2>ﬁnm , where f'is the functionality of the star-shaped

4

polymer and <R; >z‘ is defined as the mean-square radius of gyration of a linear chain of

equal degree of polymerization with the star.[23] Using coarse-grained bead-spring
models and Langevin dynamic simulations Chremos et al. showed that for star-shaped
polymers, possessing 8 arms, 25 Kuhn segments/arm (i.e. M,,"™ = 18 kg/mol. for PS
chains [17]), physisorbed onto a surface under theta- solvent conditions the ratio of the
radius of gyration prallel to the surface to its value perpendicular to the surface is larger
than 2 [24]. This indicates that that the star-shaped polymer spreads laterally on the

surface. The radius of gyration of the star-shaped polymer in this study is R, = 4.5 nm. In



8arm

light of this it now becomes apparent that since 45~ =7.8 nm, the mesolayer film would
be composed of approximately two layers of star-shaped molecules. To this end, the
immersion of the sample in a good solvent would have the effect of dissolving the chains
not adsorbed to the substrate. Such a procedure was performed and ellipsometric
measurements revealed that a ~ 2 nm film remained on the substrate. The thickness of
this remaining layer is approximately the same as the thickness expected based on the
minimum of the effective interface potential for the star-shaped molecule, hmm(star)~h58'
™. Our data indicate that the layer in contact with the substrate formed due to the
adsorption of the arms driven from the fact that star polymers can gain adsorption energy
while, owing to their architecture, the entropic penalty upon adsorption is expected to be

low. However, this particular 8-arm system appears to gain free energy by forming a

second layer on the adsorbed, wetting, layer.

It is clear from the foregoing that the macroscopic contact angle of star-shaped
macromolecules may be nearly an order of magnitude smaller than their linear analogs.
Additionally, the line tension of star-shaped polymers may be as much as two orders of
magnitude smaller. The precursor layer surrounding the droplets exists only in the case
of low molecular linear weight linear chains for entropic reasons; it is a remnant of the
adsorbed layer that broke-up into nano-droplets. On the other hand, the analogous
adsorbed layer for star-shaped molecule of sufficiently large number of arms (f=8), is
stable, even after many days of annealing at elevated temperatures. The differences
between the wetting behavior of the thin linear PS and the thin 8 arm star-shaped polymer
films are schematically depicted in FIG. 1d. These results are consistent with the notion

that star-shaped polymers exhibit significant interfacial activity; [13] they suffer a



significantly lower entropic penalty than their linear analogs of the same N upon
adsorption at an interface [11]; the number of segments of a star-shaped molecule in
contact with an interface is large compared to linear chains of the same N [12]. Moreover,
the frustrated segmental packing in the bulk is responsible for the decrease in the

cohesive energy density of star-shaped molecules, leads to lower surface tensions than

their linear chain counterparts of the same N [14, 15].
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Figure legends

FIG. 1: (a) AFM micrograph of a ~ 13 nm linear PS film (Mw = 5 kg/mol.) on SiOy
annealed at 160 °C for 10 min. (b) is the amplitude signal image of a 2 x 2 um” area at the
periphery of a polymeric droplet; small nanometer size droplets are observed while at the
periphery of the microdroplet a nanometer precursor layer can be seen. (¢) AFM image of
a~ 13 nm star PS film (/= 8 arms and M,,"" = 10 kg/mol.) annealed for 400 min at 160
°C. (d) is the schematic of a dewetted linear PS film (top) and of a star PS film (bottom)

on SiOy at room temperature.

FIG. 2: (a) AFM cross sections of a scratched/scored ~ 30 nm star PS film (black line)
for the as cast film (black line) and for 24 h at 160 °C (red line). The inset shows a 3D
AFM image of the sample after 24 h at 160 °C. (b) Film thickness dependence on

temperature of the 7.8 nm star-shaped PS mesolayer with a 7, = 103.2 °C.

FIG. 3: Contact angle of a macroscopic droplet versus the radius of curvature for the
linear PS (black squares) and the star-shaped PS with 8 arms and M,,"™ = 10 kg/mol. (red

circles).

Figures
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Linear PS, M= 5.2 kg/mol, 10 min at 160 °C

Star PS, 8 arms, M, = 10 kg/mol | (d) tinear Ps, M, = 5.2 kg/mol.
400 min at 160 °C precursor film

Star PS, 8 —arms, M,*™ = 10 kg/mol.
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