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Abstract

Applications of polymer thin films include functional coatings, flexible electronics, membranes and energy conversion. The physical properties
of polymer films of nanoscale thicknesses typically differ from the bulk, due largely to entropic effects and to enthalpic interactions between the
macromolecules and the external interfaces. Studies of the size-dependent physical properties of macromolecules have largely been devoted to
linear chain polymers. In this Prospective, we review recent experiments and simulations that describe the structure and fascinating physical
properties, from wetting to the glass transition, of star-shaped macromolecules. The properties of these molecules would render them more

useful than their linear chain analogs, for some specific applications.

Introduction
Molecular design strategies have enabled the synthesis of poly-
mers with functionalities that render them useful for diverse thin-
film applications. Notable examples include organic solar cells,
thermoelectrics, organic light-emitting diodes, energy storage de-
vices, as well as active and passive coatings. The materials used in
these applications include homopolymers, copolymers, polymer/
polymer mixtures, and polymer nanocomposites (nanoparticles
of varying functionalities incorporated within polymer hosts).
While the possibilities for literally “tailoring” the functional
properties of polymeric materials through the processing of
different combinations of polymers, and in some cases nanopar-
ticles, appear to be virtually limitless, the technical challenges are
important. Collective entropic and enthalpic interactions over
varying length-scales lead to unusual and often complicated
morphological structures. Moreover, long-term reliability issues
often pose additional difficulties for some applications. In gene-
ral, understanding and optimizing the synthesis—processing—
property—function—reliability of polymer-based material systems,
while offering enormous technological opportunities, pose im-
portant scientific challenges.

An important goal of this Prospective is to describe the
manner in which physical properties of polymers confined to
nanoscale thickness dimensions differ from the bulk.['”]

* This author was an editor of this journal during the review and decision stage. For
the MRC policy on review and publication of manuscripts authored by editors, please
refer to http://www.mrs.org/editor-manuscripts/.

Examples of thickness dependent physical properties of poly-
mers include the following. Perhaps one of the best-known ex-
ample of this phenomenon is the thickness, %, dependence of
the average glass-transition temperature, T,, of a sufficiently
thin homopolymer film, as revealed by experiment, theory,
and simulations.!' >*"'?! The thickness dependence of T, o IS ex-
hibited by thin films typically in the thickness range of nanome-
ters to tens of nanometers, stemming from interfacial effects.
Other examples of thickness-dependent properties include the
mechanical properties of thin polymer films,!>'¥ gas perme-
ation in thin films,">' and the mobility of charge carriers in
polymers.!'”"') The h-dependencies of these properties typi-
cally occur over much longer length-scales, in some cases a
few hundred nanometers, than those of the glass transition. In
the case of polymer-A/polymer-B mixtures, in contrast to me-
tallic alloys and small molecule mixtures, phase separation
temperatures may differ from the bulk by tens of degrees and
the length-scales may be as long as hundreds of nanome-
ters.?°2* This is in part due to entropic effects, associated
with the fact that the A and B constituents are long chains;
each chain is composed of hundreds or thousands of monomers
connected by covalent bonds. For the final example, we note
that shifts of phase separation temperatures (i.e., so-called
order—disorder transitions) are also documented for diblock co-
polymer thin films supported by substrates.””> ") Therefore the
length-scales over which this #-dependent phenomenon occurs
depend on the specific property, the polymer, and on the poly-
mer/external interface system.
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Figure 1. The architectures of a linear chain and of the star-shaped
macromolecules of different functionalities (number of arms per molecule)
are shown here. The number of monomers per arm is Nym. (Narm = Marm/Mo,
where M is the molecular weight per monomer, and M, is the molecular
weight per arm.)

Much of what we understand about the effects of film thick-
ness confinement on the physical properties of polymers is
based on studies of linear chain macromolecules, comparative-
ly little is understood about confinement effects the physical
properties of macromolecules of different architectures, such
as star-shaped macromolecules. It has been demonstrated that
for star-shaped polymers the physical properties, such as wet-
ting,1*®?°! thin-film glass-transition temperatures,”?**'! and
physical aging,m’3 31 differ appreciably from those of linear
chain polymers. Wang et al. have demonstrated, using x-ray
photon correlation spectroscopy, that in contrast to linear-chain
thin-film polymers the surface viscosities of branched macro-
molecules are larger than the bulk.****! Other studies provide
more general insights into how changes in the structure of star-
shaped polymers, achieved by varying the functionality,
f (number of arms per molecule), and the molecular mass per
arm M, (see Fig. 1), may influence certain physical proper-
ties, such as the bulk rheological behavior.***]

This Prospective discusses fundamental questions related to
the structure—property behavior and potential applications of
star-shaped polymer films in the nanoscale thickness range.
Our discussion will focus on differences between the structures
of linear-chain and star-shaped macromolecular thin films and
related implications for three important physical properties:
glass transition, wetting, and physical aging.

Effect of geometric confinement on the
structure of polymers

The adsorption of a polymer chain onto a surface is driven by
the competition between enthalpic and entropic interactions:
the gain in enthalpy due to the binding of monomers
from the chain onto the surface and the associated conforma-
tional entropic cost associated with this adsorption.”***! As a
result, the “packing” of segments of chains is not spatially uni-
form throughout a polymer film. At a hard, atomically smooth
substrate, the average monomer density is higher than in the
bulk; simulations reveal that the amplitude of the monomer
density profile oscillates away from the substrate, with the
amplitude decreasing gradually into its bulk value.[*'*¥
Such simulations further suggest a “layering” of the segments
at the substrate, including the center of mass of the chain.
Specifically, the component of the radius of gyration of a
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Figure 2. Schematic illustrates variations in the local density of the
segmental “packing” at distances away from the interfaces.

chain parallel to the wall, (R,,), is larger than (R.), that of
the radius of gyration component normal to the wall.

At an unconstrained or free surface, simulations of
linear-chain polymers reveal that the local segmental “packing”
is lower than the bulk.'***®! Experimental studies using posi-
tron annihilation lifetime spectroscopy (PALS) reveal the pres-
ence of increased free volume at the free surface in relation to
the bulk.B%*"! This is experimental evidence that supports the
premise that the chain segments near a free surface possess
larger configurational freedom than the bulk. Simulations also
show that the sharpness, or breadth, of this interface increases
with decreasing temperature.[***%) In typical polymer systems,
the length scales of the breadth of such an interface are of the
order of nanometers. To this end, we schematically illustrate
in Fig. 2 the local packing density of a supported polymer
film, confined between a free surface and a hard interface. In
this figure, the overall film thickness is %, A¢is the length-scale
from the free surface where there would be increased configu-
rational freedom. The length-scale &, of the order of a nanome-
ter, is the thickness from the substrate where the chain segment
orientations are restricted and there is a preferential orientation
of the segments in the plane of the film. The distance A+ is
the length-scale (~ few nanometers) over which the density of
the film is perturbed due to the substrate. In addition to changes
in the density at an interface, the average molecular weight be-
tween entanglements near an interface differs from the bulk and
this can have important implications on mechanical properties,
including interfacial adhesion and fracture.”*”! Other physical
properties, such as the time-dependent displacements of chain
segments in thin films, would differ from the bulk**>"

Generally polymer segmental dynamics at polymer/sub-
strate interfaces are comparatively slow;°* this sluggishness
is believed to be due to the long time-scales (compared with
bulk relaxations) associated with adsorption/desorption of seg-
ments from the “walls.”®* Stronger interactions with the walls
lead to longer desorption times, thereby leaving the molecules
in a metastable state, and hence slower dynamics. In fact, broad
band dielectric spectroscopy (BDS) studies reveal a reduction
of the dielectric strength (Ag) indicating a portion of the film
is “dead” when the chains are permanently adsorbed onto a
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substrate and the dipoles unable to reorient.”?! This effect,
permanently adsorbed chain segments, is polymer/substrate
specific and typically occurs after heating the film for suffi-
ciently long periods of time. Simulations reveal that the dynam-
ics at “walls” are anisotropic; the dynamics of the segments
normal and parallel to the substrate differ in magnitude.[>>->¢!

With regard to free, unconstrained, surfaces it has been dem-
onstrated by experiments and by simulations that the polymer
chain dynamics are fast relative to the bulk.['~'%>"% The dy-
namics near the free surface are enhanced due to excess config-
urational freedom of the chain segments. The excess
configurational freedom would be responsible for a reduction
of the effective friction coefficients, which dictate the time
scales of the center-of-mass diffusion of chains near a surface,
leading to an increase in translational diffusion coefficient of a
chain.!®! Later it will be shown that changes in physical prop-
erties of polymers occur over much longer length-scales than
the length scales that characterize changes in their segmental
densities at interfaces.

Wetting of star-shaped macromolecules
Differences between the wetting properties of star-shaped mac-
romolecules and their linear-chain analogs are profound. To un-
derstand these differences it is instructive to recall basic ideas
about the wetting of a non-volatile liquid droplet on a sub-
strate.!°* 7% The wetting of a liquid on a substrate is dictated
by a combination of short- and long-range intermolecular forc-
es: within a specific distance of the line of contact the shape of
the droplet is distorted by the intermolecular forces. The molec-
ular length associated with the long-range van der Waals inter-
actions is defined as:

a =/—A4/Gy, (1)

where 4 is the Hamaker constant, and y the liquid/vapor surface
tension of the liquid. The macroscopic angle of contact 6., de-
fined away from the line of contact, is dictated by Young’s
equation, which relates it with interfacial energies:

€08 Oeq = Ysv — Ysis )

where ygv is the surface tension, and yg; is the interfacial ten-
sion between the liquid and the substrate.

Recently we showed that the macroscopic contact angle 4
for an 8-arm star-shaped polystyrene (PS) macromolecule on
silicon oxide substrates (SiO,) is approximately one order of
magnitude smaller than linear-chain PS on the same sub-
strate.?®°] The adsorption of a macromolecular segment
onto a substrate is largely dictated by a competition between
the gain of enthalpy due to binding monomers to the substrate,
and the conformational entropic cost of adsorption. The en-
hanced wetting of the star-shaped macromolecules is associated
with the fact that these branched polymeric molecules experi-
ence smaller losses in configurational entropy when adsorbed
to interfaces compared with their linear analogs.””'7* These
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Figure 3. Equilibrium contact angles, 6, are plotted as a function of f
Reproduced (adapted) with permission from Ref. 28, copyright 2014
American Chemical Society.

smaller losses of configurational entropy of the star-shaped
macromolecules, in relation to their linear chain analogs of
the same total number of monomers, may be considered to be
an entropic attraction of the star-shaped molecules to the
substrate.

The data in Fig. 3 describe the fascinating wetting character-
istics of the star-shaped macromolecules.’*®! The error bars this
figure represent were determined from measurements of the
contact angles of tens of droplets. It is shown that the macro-
scopic contact angle rapidly decreases with increasing func-
tionality of the star, before exhibiting a minimum at /= 16.
For /> 16, 6.4 increases with funtil it becomes nearly constant
in the high functionality limit. The values are smaller than that
of linear chains.

The wetting behavior of star-shaped molecules in relation to
their linear-chain analogs may not be fully understood in terms
of the surface tension of the molecules; effects associated with
the entropic attraction must be considered. The surface tension
for star-shaped polymers is reasonably well described by:

er + Ub

Y’ (My) = y*(0) + pRT YR

: ©)

where y(o0) is the surface tension of the theoretical infinite
number average molecular mass polymer, p is the bulk density,
R is the universal gas constant, 7 is the temperature, M, is the
number average molecular mass, and U° and U® represent the
effective attractive, or repulsive, interactions between the inter-
face and the chain ends, and branch points, respectively.’*7]
Because this relationship predicts a monotonic decrease of
the surface tension with increasing functionality, the non-
monotonic behavior of 6.4 cannot be explained solely in
terms of changes in the surface tension. As discussed below,
the wetting properties of star-shaped polymers stem primarily
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from the strong surface adsorption behavior in relation to linear
chains of otherwise identical chemical structure.

Molecular dynamics (MD) simulations of a bead-spring
model of polymer chains show that the ratio of the perpendic-
ular and parallel components of the radii of gyration,
<R§>2/<R§)X , of macromolecules adsorbed to an interface de-
pends on the functionality of the polymer [Fig. 4(a)].*®!
These MD simulations indicate that <R§>Z/ <R§)xy increases
with increasing £, but exhibits a maximum for f~ 8. Beyond
this maximum, /> 8, the ratio decreases and reaches a constant
value in the high flimit. The densities of adsorbed chains, p,qs
(the number of adsorbed chains per unit area), extracted from
the MD simulations and experimental measurements are plot-
ted in Fig. 4(b). These data indicate that dependence of p,qs
on fis consistent with the <R§)Z/<R§>xy [Fig. 4(a)] versus f
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Figure 4. (a) The ratio of the parallel and perpendicular components of the
mean-square radii of gyration (RS)/(RS)W of the adsorbed polymers is
plotted as a function of /. Reproduced (adapted) with permission from
Ref. 28, copyright 2014 American Chemical Society. (b) The number of
adsorbed chains per unit area (density), pags, IS Shown as a function of f,
obtained from the experiment and from the simulations. Reproduced
(adapted) with permission from Ref. 28, copyright 2014 American Chemical
Society.
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The maxima of the anisotropy of orientation of the mole-
cules and of the density [data in Figs. 4(a) and 4(b)] are due
to the same two competing mechanisms. The entropic attraction
of a star-shaped molecule to the substrate increases as the func-
tionality f of the molecule increases. Additionally with this in-
crease of f, entropic intermolecular repulsions between the
arms of a molecule extending from the branch point necessarily
increases; this leads to stretching of the arms (i.e., a reduction of
the entropy per chain). This intermolecular repulsion has the ef-
fect of reducing any potential “crowding” of the molecules at a
surface. In other words, the entropic restrictions imposed by in-
creasing f lead to a decreasing compliance of the star-shaped
polymers, which suppresses their ability to deform on the sur-
face when adsorbed. Hence, the angle of contact decreases.

This is the first time that such significant differences in the
wetting behavior are achieved by simply changing the architec-
ture of the molecule, without changing the chemistry. The prac-
tical implications are that the wetting at an interface may be
“tailored” via changes in the functionality and the length of
the arms of the macromolecule.

Glass transition of thin films

This topic is introduced by recalling that the reduction of the
temperature of substances, from small molecule liquids to net-
work glass melts and polymer melts, is accompanied by a sig-
nificant increase in the structural relaxation time. Practically, at
a sufficiently low temperature where the structural relaxation
time becomes longer than the observation time, or duration,
that the cooling rate permits, the system becomes “frozen,”
this temperature denotes the glass transition. Additionally virtu-
ally any substance, if cooled at a sufficiently rapid rate, would
not crystallize due to a lack of time for the constituents to form
an ordered structure. It is important to note that by virtue of
their molecular structures, atactic polymers for example, will
not crystallize and therefore exhibits a T, regardless of cooling
rate. Glass-forming melts solidify, with the absence the forma-
tion of long-range order, at a lower temperature than the crys-
tallization temperature. The glass-transition temperature, 7,
occurs over a very narrow range of temperatures and is
cooling-rate dependent. With these brief comments, we discuss
this phenomenon with regard to the behavior of thin polymer
films.

It is a known fact that the average glass-transition tempera-
ture of a sufficiently thin polymer film differs from the
bulk 8637671 This effect is often observed when the polymer
film is of the order of tens of nanometers, whether or not it is
supported by a substrate. In the case of freely standing
linear-chain polymer films, the average T, decreases with de-
creasing . When the polymer films are supported by non-
wetting surfaces, such as linear-chain PS supported by SiO,,
the average T, decreases with decreasing % (see Fig. 5).[2:80]
However, when the interactions between the polymer and the
substrate are sufficiently strong (i.e., polar interactions), the av-
erage T, increases with decreasing 4. Two examples of this are
poly(methyl methacrylate) (PMMA) films supported by SiO,
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Figure 5. (a) T, plotted as a function of depth, for linear-chain PS and for
star-shaped PS ( f=8, Mym =10 and 25 kg/mol.); these data were obtained
using depth-profile PALS. Reproduced (adapted) with permission from
Ref. 32, copyright 2012 American Physical Society and Ref. 30, copyright
2011 American Physical Society. (b) The relative length scales of the effects
of the monomer density profiles and of the T are depicted here.

and PS supported by gold substrates."*! 4 The important
point is that the average glass-transition temperature of a thin
polymer film is influenced by the polymer and by the nature
of the interactions between the polymer segments and the exter-
nal interfaces, as further discussed below.

It has been suggested that due to the lower segmental con-
figurational freedom of chains at a free surface, the 7, at the
free surface would be lower than the bulk.’® Experiments
show that polymer segments, within a distance of a few nano-
meters of the free surface, remain mobile at temperatures below
the bulk Tg.[57’5°’62’85] Commensurate with this observation,
depth-profile PALS measurements demonstrate that the glass-
transition temperature at the free surface of linear polystyrene
is lower than the bulk; these data are shown in Fig. 5(a)
(squares).2%*? The T - becomes equal to the bulk at a distance
of tens of nanometers into the film. Other experiments also lead
to conclusions that the T, across the film is not uniform. !
For the case of PS/SiO, where the interactions between the

PS chain segments and SiO, are non-wetting, and the 7, at
the free surface is lower than the bulk, the average T,s of
such PS films are lower than the bulk value. Generally, when
the T, at the free surface is lower than the bulk and the poly-
mer/substrate interactions are sufficiently weak, the average
Tys of sufficiently thin polymer films are lower than the bulk.
However, if the polymer substrate interactions are sufficiently
strong (e.g., hydrogen bonding), and responsible for an en-
hancement of the local T, at the substrate, then the average
T, of a sufficiently thin film may be larger than the bulk
value. The PS/Au and PMMA/SIO, systems are excellent
examples.

It is important to recognize that the length-scale &, over
which the “packing” of segments is influenced by the proximity
to the interface is of the order of a nanometer.’>°*%°! However,
the length-scale &y1a5s Over which the glass-transition tempera-
ture deviates from the bulk is at least one order of magnitude
larger (Fig. 5). This behavior has not been fully captured
using simulations. However, a recent analytical theory provid-
ed the first explanation for the differences between the length-
scales associated with segmental packing and those longer dis-
tances associated with changes in the glass transition.*”) The
displacements of polymer segments are associated with long-
range collective elastic distortion processes, occurring over
tens of nanometers. Near a surface the effects are different
from the bulk due to the “reduced neighbors” and subtle differ-
ences in the “packing” of segments. For this reason, the near
surface and the bulk vitrification temperatures, and their associ-
ated length scales, are different.

Since the star-shaped macromolecules experience lower en-
tropic penalties than their linear-chain analogs when adsorbed
at an interface, it would be reasonable that their thin-film glass-
transition temperatures would differ from linear chains, as sug-
gested by the data in Fig. 5(a).??%71"73] To this end the
h-dependencies of the average T,s of several different star-
shaped PS thin films supported by SiO, substrates are reported
in Fig. 6. In this figure, M,,,, was fixed and the functionalities
are varied, 3 <f<64. For cases where /=2, 3, and 4 the average
Tys decrease with decreasing 4. This behavior is similar to
linear-chain PS, where 7, decreases with decreasing 1B
However, for molecules possessing functionalities in the
range 4 <f<32, the average T,s increase with decreasing A.
This remarkable shift in the trend, based on the functionality,
exhibited by vitrification of the films is more clearly illustrated
in Fig. 6(b). In this figure, the T,s of different 4 =230 nm thick
films of molecules of varying frelative to the bulk 7,s are plot-
ted. It is apparent that the 7, behavior of the star-shaped poly-
mers is similar to that of linear chains when the arms are
sufficiently long (M, is sufficiently high); here the effect of
the functionality is not important.”*®! Simulations reveal an en-
hancement of the segmental densities of short-arm star-shaped
molecules at the external interfaces, in relation to the bulk. The
enhancement at the free interface is less pronounced than at the
substrate, which is not unexpected. These results provide a ra-
tionale for the shifting trends of the T, versus % behavior.
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Figure 6. (a)The glass-transition temperatures are plotted as a function of film
thickness for linear-chain PS, supported by SiO,, and for star-shaped PS
molecules of varying functionalities. The molecular mass per arm of each
macromolecule is ~10 kg/mol. Reproduced (adapted) with permission, from
Ref. 31, copyright 2015 American Chemical Society, and Ref. 30, copyright
2011 American Physical Society. (b) The deviation of Ty from the bulk fora h=
30 nm thick PS film on SiO, as a function of the number of arms. Reproduced
with permission (Ref. 31), copyright 2015 American Chemical Society.

We now discuss the increase of the T, with decreasing 4, for
/> 4. PALS measurements show that the free surface T, for the
8-arm star-shaped films is higher than the bulk (Fig. 5). Our
MD simulations reveal that at the free surface, the packing den-
sity of the 8-arm star-shaped macromolecules is higher than the
bulk. Additionally, a strong positional correlation between the
star-shaped molecules (spatial ordering of the cores) near the
free surface occurs.®'! As described in the previous section,
the star-shaped molecules in this regime exhibit a stronger ten-
dency to adsorb to the substrate. This results in a higher packing
density and thus a larger local T, at the substrate interface.
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Figure 7. The relative glass-transition temperature, AT, = Ty(h =30 nm) - Ty
(bulk), is shown here for star-shaped polymers of varying functionalities and
arm lengths. Gray region (black squares) represents AT, <0, blue region
(blue triangles) represents ATy > 0, and the red region (red circles) represents
ATy =0. Reproduced with permission from Ref. 31, copyright 2015 American
Chemical Society.

Because the T,s at the free surface and at the substrate are larger
than the bulk for the 8-arm star with M, =10 kg/mol., the
average T, of this system increases with the decreasing film
thickness [Fig. 6(a)].°” When arms are sufficiently long,
My > 25 kg/mol., the thickness-dependent 7, behavior is vir-
tually identical to that of linear-chain PS. These results confirm
the notion that the thickness dependence of the 7, may be un-
derstood in terms of the interactions between the polymer
segments with its external interfaces. The interactions are en-
hanced due to the entropic attraction of the chains to the inter-
faces with increasing f. As described in the previous section this
enhanced entropic attraction is offset by an entropic effect asso-
ciated with crowding, and an associated loss of mechanical
compliance, of the molecules as ffurther increases. This behav-
ior is largely responsible for the maximum in Fig. 6.

The glass transition of star-shaped PS polymer films on SiO,
may be summarized in terms of a “Diagram of States” where
the deviation of T, from the bulk is illustrated as a function
of fand M, in Fig. 7. When the number of arms is sufficiently
large and the arms are sufficiently short, the star-shaped mole-
cules “pack” like soft-colloids; the average glass transition tem-
peratures of these films are equal to that of the bulk. It has also
been reported in that bulk star-shaped molecules with high fand
low M., exhibit behavior akin to that of soft-colloids.2¢8 n
this regime the molecules self-assemble to form ordered struc-
tures and uniform ordered layers across the film. This is illus-
trated in Fig. 8 with an atomic force microscopy (AFM)
image, line-scan and schematic. This organization is consistent
with the simulations, which suggest evidence of ordering of the
cores of the molecules at the interfaces, for the molecules with
large f.

The decreased compressibility of the polymers, with in-
creasing f'and decreasing M,.,, would have the effect of sup-
pressing the influence of the interface on wetting and
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AFM image showing the organization of f=64 arm star-shaped
macromolecules (radius of gyration 4.5 nm)

20 4

9
9 o

1 2 3
Lateral position (pm)

Figure 8. An AFM image of a thin-film star-shaped macromolecule of functionality =64 (and Mum ~ 9 kg/mol.) is shown. The thickness of each layer is
represented by the line scan; a schematic representation of the organization of two layers of molecules is shown.

adsorption, and therefore changes in the glass transition as
shown. In the “linear-chain” region of Fig. 7, the average T,
of thin films is lower than the bulk. The transition between
the linear-chain region and the soft colloidal-like behavior oc-
curs over limited values of f'and M, This is this region that
represents the maximum in Fig. 6(b).

The primary message of this section is that the average 7, of
a thin polymer film is dependent on the thickness of the film,
the macromolecular architecture and the external interfaces.
These data in Fig. 7 illustrate the fact that the glass-transition
temperatures of films may be “tailored” simply by changing
the macromolecular architecture. The glass-transition tempera-
ture is not constant throughout the film; it is a function of the
proximity to an interface. Secondly, the architecture of the mol-
ecule and the interactions between the molecule and the inter-
faces have a significant impact on the magnitude of the local
T, and hence the average T, of the film. The primary implica-
tion of these results is that when a thin film is cooled to lower
temperatures, different regions within the thin film, based on
their proximities to the interfaces, fall out of equilibrium at dif-
ferent temperatures. This has important implications on pro-
cessing and on properties such as physical aging, which we
discuss in the next section.

Physical aging of thin films
The term physical aging refers to a system undergoing slow dy-
namics as the system approaches equilibrium, due to frustration
associated with transitions between the metastable states (con-
figurations).'®®! This phenomenon is ubiquitous, occurring in
diverse systems: network glasses (i.e., SiO,),’**! spin glass-
[90] iqe [90] ; [o1] [88]
es,” " colloids,"”™ metallic glass,"” ' and polymer glasses.

To understand this phenomenon in polymers we begin by re-
calling that as the temperature of a glass-forming liquid is
decreased, the structural relaxation time, and the viscosity, in-
creases in a non-linear manner. The temperature dependence
of the viscosity is well described by the Vogel-Fulcher—
Tammann (VET)®?*% equation [also equivalently the Williams—
Landel-Ferry equation (WLF)]:l*>!

B
n(T):Aexp(T_T ), 4)

where T, is the Vogel temperature, which is related to 7, and Bis a
parameter associated with thermally activated processes. Adam and
Gibbs, in 1965, were the first to propose the existence of coopera-
tivity between the dynamics of the constituents of the material and
the effect of cooperativity on the overall dynamics. Specifically,
there exists a length-scale, & ,0p, Which characterizes a distance
over which the dynamics are highly cooperative. They, and now
others, argue that it is the increase of &, with decreasing 7 that
is responsible for the increase in the activation energy and hence
the non-linear increase of time scales of the relaxation dynamics,
with decreasing 7.

It is currently understood that the dynamics of liquids are
spatially and temporally heterogencous.l”) Specifially, the dy-
namics of local regions (size ~ nm at high 7') vary spatially; in
some local regions the dynamics are very fast compared with
the average and for others the dynamics are slow compared
with the average. The positions of these local regions are corre-
lated temporally in space over particular length-scales &p,e¢ of
the order of nanometers.['®7*%! It is suggested by dynamic
heterogeneity models that density fluctuations throughout the
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system are responsible for the strong spatial variations of
the dynamics. It is the percolation of the slow domains that is
responsible for the glass transition, below which the system
becomes a glass.

When a substance rapidly cooled into the temperature re-
gime 7<T,, the physical properties of the material become
time-dependent in this non-ergodic state, as the system attempts
to reach equilibrium.>-%%19-1931 Time-dependent properties in-
clude: enthalpy, entropy, the compliance, gas permeability/selec-
tivity, density, index of refraction, and dielectric susceptibility.
In polymers, the physical aging process is characterized by
three regimes: an initial plateau, an intermediate time-dependent
stage, and an equilibrium plateau. The aging rate:!'**!

dh

I
P = e din(iage)]

®)

is obtained from the slope of the lines shown in Fig. 8(a).** The
data shown in this figure represent the intermediate, time-
dependent, aging stage. It is well established that the aging
rate is determined by the difference between the glass-transition
temperature of the material 7, and the aging temperature T,
Ty Tope = AT, 1007103 Bor small values of AT, the aging rate is
fast and increases with increasing AT,; however, the aging rate
reaches a maximum and then decreases with increasing AT,.
This maximum is the result of two competing processes: the
driving force for aging increases with decreasing AT,, but the
thermal energy decreases as T decreases. Experimentally, the
time scale associated with achieving equilibrium could range
from minutes to decades. In our case, we investigated the time
dependent changes in the film thickness of a supported polymer
film after it is quenched to a temperature 7.

The aging rates of star-shaped and linear-chain polymers
differ: whereas the aging rate of linear-chain polymers is inde-
pendent of the length of the chain,!'%°'% the rates of star-
shaped polymers depend on the functionalities and on the
arm lengths of the polymers.?***! 1t is shown in Fig. 9(a)
that as the functionality of the star is increased the aging rate
decreases at a constant temperature relative to T, g.[33]
However, when M,., is sufficiently large the star-shaped
polymers exhibit an aging rate similar to linear-chain PS
[Fig. 9(b)].*! It should be intuitive, therefore, that as the length
of the arms is increased, or the number of arms is decreased, the
reduction of the aging rate associated with the branching point
is suppressed.

It has been noted that the glass-transition temperature of a
thin film is not a constant value, but varies as a function of dis-
tance from an interface. With regard to aging, the local aging
rates of a film are dictated by the local T,s throughout the
depth of the film. This is illustrated in Figs. 10(a) and 10(b),
where it is shown how the aging rate changes across thin
films of linear-chain PS [Fig. 10(a)].**! MD simulations of
the aging of freely standing linear-chain polymer films yield
similar results; the aging rate is lowest near the free surface
and increases with increasing distance, reaching a maximum,
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Figure 9. (a) The time-dependent change in film thickness for #=1000 nm
thick films of three different PSs: linear-chain and star-shaped (=8, 16).
Reproduced (adapted) with permission from Ref. 33, copyright 2012
American Chemical Society. (b) The physical aging rate is plotted as a
function of fand M, at a temperature which is 35 °C below the T for the
h=1000 nm thick films. The black squares represent linear PS, the red
circles represent 8-arm star PS and green triangles represent 16 arm star PS.
Reproduced (adapted) with permission from Ref. 33, copyright 2012
American Chemical Society.

in the interior of the film.!'”) Note that in Fig. 10(a), the film
is supported and T}, at the substrate is approximately equal to
the bulk 7, for this linear-chain PS/SiO, system, as discussed
earlier. Hence, the aging rate necessarily reaches a plateau, as
shown.’?! The aging rates for the 8-arm star-shaped PS
[Fig. 10(b)] are also depth-dependent and also dependent on
the difference between the aging temperature and the local
T, i.e., the T, at that depth.** The other important result of
this model is shown in Fig. 9(c), which shows the lower T, sur-
face layer for the linear chain increases with increasing 7, for
temperatures below T,. This is the liquid-like surface layer to
which we referred in the section on the 7, of thin films; its
thickness is dictated by T,—T. These data in Fig. 10(c) are
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Figure 10. (a) The aging rate is shown here for linear-chain PS as a function of distance from the free surface, for a =50 nm thick film; (b) similar data are
shown for the 8-arm star shaped PS. (c) The thicknesses of the surface layers are shown here at a function of the difference between the bulk 7, and the aging
temperatures for linear-chain and star-shaped polymers. Reproduced (adapted) with permission from Ref. 32, copyright 2012 American Physical Society.

consistent, both in magnitude and the trend with temperature,
with independent experiments by other researchers.!®*!'%¢]
When the outer surface layer has a higher 7, than the bulk,
the surface layer thickness decreases (opposite trend) over the
same temperature range.

We conclude this section by reiterating the following obser-
vations. The aging of a thin film is dictated by the local T,s near
the interfaces. The average aging rates of star-shaped macro-
molecules are lower than that of their linear-chain analogs.
This has important implications regarding the use of macromol-
ecules of different architectures for thin-film membrane appli-
cations as well as a host of thin-film packaging applications.

Future outlook

Star-shaped polymers exhibit different physical properties from
their linear-chain analogs when confined to thin-film geome-
tries. The key differences include the following. (i) The surface
wettability of star-shaped polymers may be “tailored” in a con-
trollable manner by varying the functionality of a star-shaped
polymer and the arm length. (ii) The substrate and free surface
T,s of the star-shaped polymers are dependent on the function-
ality and molecular mass per arm. (iii) Star-shaped polymers
age more slowly than linear-chain polymers.

The practical implications of such differences are important
for a variety of applications. The mechanical properties of films
are sensitive to film thickness as shown by MD simula-
tions,"' 7198 finite-element analysis,[mg] nanoindentation ex-
periments,!" ' thin-film buckling measurements,t'>!!!-112]
and Brillouin light scattering. The thickness dependence is as-
sociated with the fact that near the free surface the local T is
lower than the bulk 7,, which suppresses the average T, of

the film. The magnitude of the modulus depends on the differ-
ence between the bulk 7, and the ambient temperature at which
the measurements are conducted. Star-shaped polymers would
offer an important alternative to linear-chain polymers, because
their interfacial properties are dictated by f'and M,,. Another
obvious application would be adhesion to various types of in-
terfaces, due to their enhanced wettability. Additionally, the
star-shaped polymers may be suitable for membrane applica-
tions for gas selectivity and/or separation. Since the star-shaped
macromolecules age at appreciably slower rates than the linear
chains, they offer important advantages with regard to the
stability and reliability of pore sizes in polymer membranes.
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