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ABSTRACT: We employ molecular dynamics simulations of
nanolayered polymers to systematically quantify the dependence
of T, nanoconfinement effects on interfacial energy and the
“softness” of confinement. Results indicate that nanoconfined T,
depends linearly on interfacial adhesion energy, with a slope that
scales exponentially with the ratio of the bulk Debye—Waller
factors (u*) of the confined and confining materials. These trends,
together with a convergence at low interfacial adhesion energy to

the T, of an equivalent freestanding film, are captured in a single

functional form, with only three parameters explicitly referring to the confined state. The observed dependence on (u*) indicates
that softness of nanoconfinement should be defined in terms of the relative high frequency shear moduli, rather than low
frequency moduli or relaxation times, of the confined and confining materials.

C onfinement to nanoscale dimensions can profoundly alter
the dynamic and mechanical properties of glass-forming
liquids."~® For example, the glass transition temperature T, of a
polystyrene nanofilm supported on silica is reduced by as much
as S0 K from bulk, with associated alterations in mechanical’
and transport® properties. Moreover, the magnitude and even
direction of these shifts depend on system details: materials
confined by rigid surfaces exhibit a crossover from T,
suppression to enhancement with increasing interfacial
energy;”'® confinement by soft materials and free surfaces
generally yields a reduction in Tg.”_14 However, the exact
meaning of the “softness” of confinement in terms of relative
relaxation times or moduli is presently unclear. Given that T,
can exhibit shifts from 50 K suppression to 50 K enhancement
with shifts in these properties, establishing a clear under-
standing of the dependence of nanoconfined T, on interfacial
energy and “softness” of confinement remains a key challenge
in the understanding of nanoconfined systems.

In addition to materials with nanoscale dimensions, T,
nanoconfinement effects can impact bulk materials possessin
internal nanostructure, including block copolymers,ls'_2
bilayers,'”** multinanolayered polymers,”>>® polymer/polymer
nanocomposites,11 polymer/inorganic nanocomposites, 728
stacked nanofilms,”® and dilute blends.*® These systems offer
an excellent platform for study of nanoconfinement techniques
due to their amenability to bulk characterization methods,
rather than specialized metrologies designed for nanoscale
materials. Furthermore, given the large number of systems
exhibiting internal nanoconfinement, an understanding of
nanoconfinement effects applicable to these systems would be
of particular value in the rational control of advanced material
properties. However, until recently, a majority of studies on
polymer T, nanoconfinement effects have investigated systems
in which nanoconfinement is driven by overall nanoscale
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system dimensions. Accordingly, here we employ simulations of
nanolayered polymers in order to study the combined
dependence of confined T, on interfacial energy and the
softness of confinement. Results identify a clear quantitative
measure of relative softness of confinement and lead to a single
functional form capturing the effect of both of these variables.

Simulations consist of two explicitly modeled layers of a
nanolayered polymer, with periodic boundaries imposed in all
directions to reflect an infinitely nanolayered geometry. These
simulations are also compared to freestanding film and bulk
melt simulations described previously.>" Simulations employ an
attractive linear bead—spring polymer (described at length in
the SI), based on the model of Kremer and Grest,> that has
been used extensively to study polymer glass formation.””**~%°
Unentangled polymers are modeled as 20-bead chains, with
nonbonded beads of species i and j interacting via a 12—6
Lennard-Jones (LJ)* potential Eﬂj = 46,7[(0'/ 2 — (6/r)°]. Eﬂ_;
is truncated at a distance of 2.50, unless otherwise specified.”
Bonded monomers interact via the finitely extensible nonlinear
elastic (FENE)>¢ potential.

In order to probe the role of relative layer “softness” and T,
we simulate layered films in which the two polymers’ pure-state
T,s differ by a factor of a. This is accomplished by taking
advantage of the dimensionless nature of L] units: the
dimensionless LJ temperature T is defined with respect to
real temperature T* as T = kT*/¢, and the L] unit of time 7 ~
(e/m)"2, where m is bead mass. These definitions rigorously
imply that if two simulated materials are identical except that all
interaction energy scales and masses in the second are
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multiplied by a factor a relative to the first, all thermodynamic
and dynamic properties in the second at a temperature aT will
be equal to those at a temperature T in the first. Accordingly,
for the first polymer we employ energy and mass parameters
from the standard Kremer-Grest model, while for the second
polymer these parameters are multiplied by a factor of a while
holding all other features of the model unchanged. Con-
sequently, the pure-state properties of the two polymers are
related via the above temperature rescaling, and the bulk T, of
the polymer 2 is a times the bulk T, of polymer 1.

Polymer domains of 100 chains each are initially generated in
a layered morphology and maintained in this geometry by fixing
the box dimensions in the plane of the layers. Simulations are
gradually quenched from high temperature at pressure P = 0
and then annealed at fixed T in the NPT ensemble, with a
Nose-Hoover barostat coupled only to the component of
pressure normal to the interface in order to avoid
contamination by the interfacial tension. Data is then collected
in NVT ensemble simulations continued from these equilibra-
tions. This procedure yields layers of thickness 13—140 near T,
(corresponding to a thickness of roughly 6.5—14 nm in real
units*">>*%), with thickness increasing by about 1o from T, to
2T, in accordance with the polymer’s equation of state. To
ensure good equilibration, data for a given layer at a given T are
only employed if the layer’s mean structural relaxation time 7,
(defined below) is at most 1% of the equilibration time. Error
bars throughout this paper are standard deviations determined
from four independent simulations of each system.

Polymer segmental relaxation is quantified via the self-part of
the intermediate scattering function, F,(kt), computed at a
wavenumber k = 7.07, comparable to the first peak in the
structure factor. 7, is defined as the time at which F,(k,t) decays
by 80%, employing a Kohlrausch—Williams—Watts stretched
exponential fit*>* for data smoothing and interpolation. T, is
defined as the T at which 7, — 10z, the time scale beyond
which these simulations begin to fall out of equilibrium.

In order to quantify the dependence of T,/T, Pk on
interfacial energy, we perform a series of simulations in which
a = 1.5 and the cross-interaction energy scale &, is varied from
0.3g;; to 1.2¢;;. The upper value of €, yielding an immiscible
system is dictated at a mean field level by the requirement that
the Flory y parameter, which is proportional to the quantity Ae
= €, + &, — 2¢&, remain positive; the maximum ¢, is
accordingly chosen such that Ae = 0.1. We refer to the
unmodified polymer as the low-T, polymer (LTgP) and the
modified polymer as the high-T, polymer (HTgP). Finally, a
system in which the cross-interaction is purely repulsive is also
modeled by employing a cutoff distance of 2" for LJ
interactions between the HTgP and LTgP only, and with €, =
1.

Prior work suggests that nanoconfined T, increases with
increasing strength of polymer—substrate interaction energy”'®
and that strong adhesion of polymer segments to an interface
can enhance nanoconfined T,. Within our model, the strength
of the interfacial attractive interaction is proportional to the
per-interaction attractive energy scale E, equal to &}, in systems
with attractive interactions between the two polymers or 0 in
the system with fully repulsive cross interactions. Moreover,
within a mean field model, E, is expected to be proportional to
the work of adhesion W, required to separate two layers to an
infinite distance, given by Wy, = [G} + G5 + G"]/24, where G
is the free energy, superscript “F” denotes the freestanding film
state, superscript “ML” denotes a multilayer film comprised of
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freestanding films of species 1 and 2 brought into contact, and
A is interfacial area. We emphasize that, in contrast to the
interfacial energy y,, that is defined with respect to a bulk
reference state, Wy, and E; increase with increasing
thermodynamic favorability of the interface. Specifically, Wy,
=¥, + V2 + Y1, Where ¥, is the surface energy of a freestanding
film of component k, defined as the free energy per area
required to create a surface within a pure sample of species k.*'
In order to validate the approximation that E; & Wy, we
compute W, and 7, as a function of E; based on the pressure
tensor in our simulations via the equation**
L 1

]/12=7<Pzz_ E(Pacx+Pyy)> (1)
where L, is the length of the box in the direction normal to the
interface. As shown by Figure 1, this proportionality holds to
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Figure 1. Work of adhesion versus per-interaction interfacial adhesion
energy at T = 0.72 (green triangle), 0.66 (red square), and 0.60 (blue
circle).

within uncertainty over the range of &, considered here, and
we therefore employ E; as a noise-free and temperature-
insensitive measure of work or energy of adhesion.

As shown by Figure 2, Tg/ Tgbulk for both the HTgP and
LTgP in these systems exhibits a linear dependence on E;. This
result for the LTgP is consistent with experimental results for
polystyrene and poly(methyl methacrylate) on silica substrates
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Figure 2. T,/ Ty, vs E; for the LTgP (blue diamond) and HTgP (red
circle) for a simulation in which @ = 1.5 and for a freestanding film
(green triangle). Solid lines are linear fits. Inset shows the same plot of
HTgP (filled symbols) and LTgP (open symbols) with & = 1 (orange
circle), 1.3 (green square), 1.6 (red triangle), and 2 (blue diamond).
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that were surface-modified to explore a range of interfacial
energles 9 As in that case, the LTgP also exhibits a crossover
from T, suppression to T, enhancement with increasing
interfacial adhesion energy. In contrast, T, of the HTgP is
suppressed for all interfacial energies. While the interfacial
energy dependence of T, under soft confinement has not been
previously studied, such systems have generally been observed
to exhibit T, suppresswn,11 131920 consistent  with these
results.

Notably, Tg/Tgb“[k of the HTgP and LTgP become
quantitatively indistinguishable at E; = 0 from that of a
corresponding freestanding film. At least at the level of T}, there
is apparently no difference between freestanding, hard, and soft
confinement for a completely nonattractive interface. We
attribute this outcome to the presence of a nearly complete
interfacial density depletion at E; = 0 (shown in Figure 3),
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Figure 3. Magnitude of density depletion at the interface as a function
of E; at T = 0.65. Insets depict number density p near an interface at
this T for the interfacial energies indicated. The p depression
quantified in the main figure corresponds to the depth of the well,
visible in the left inset.

where the density depletion is defined as the difference between
the mean density averaged across the two layers and the density
at the minimum. The presence of this strong minimum at low
E; implies that the layers in that case behave essentially as
freestanding films in weak contact.

The combination of a linear dependence of T,/ Tgb“lk on E;
with convergence to the freestanding film result at E; = 0
suggests that, to leading order, T,/ Tgbulk obeys the form

T Tfs
g _ ‘g
Thulk ~ bk + CE,
g g (2)

where Tgfs is the T, of a corresponding freestanding film. C is a
constant that does not depend on interfacial energy but
evidently depends on the “softness” of confinement, given that
for this data C = 0.10 for the layer under “hard” confinement
and 0.01 for the layer under “soft” confinement. As indicated in
the introduction, it has been unclear how “softness” of
confinement should be defined. We begin by testing the
proposition that it depends upon the relative time scales of slow
relaxation processes in the confined and confining materials. A
simple measure of softness of confinement defined on this basis
for a given layer is provided by the ratio ‘{,‘Lﬁ'ﬁmg/ g‘iﬂﬁfed of the
bulk T, of the polymer comprising the other layer to the bulk

T, of the polymer comprising that layer. For example, g"l,':ﬁlﬂmg/
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Tconﬁned

gbuk . equals 1.5 and 1/1.5 for the LTgP and HTgP,
respectively, in the study described above.

In order to quantify the dependence of C on Tgpug
’I‘g:ﬂﬂfl'ffd, we perform a series of simulations in which a is varied
from 1 to 2, and for each value of @ we perform a simulation for
which €1, = 0.6 and one for which ¢, is selected such that Ae =
0.1. As shown in the inset of Figure 2, the dependence of T,/
Tgpui on E; remains approximately linear over this range of @,
and a fit of eq 2 to T,/T,

gbulk at each a thus yields C for that
layer. As shown by Figure 4a, C versus ‘i,rﬁf(“ng/ T“{,’ﬁf(‘ed exhibits
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Figure 4. (a) Strength C of the dependence of Ty/ Topur o E; as a
function of T“{,‘:ﬁ‘l‘;““g/ T“},‘iﬁl‘zed (b) The same data pIotted on a log scale
vs (uz)“’“ﬁ“‘"g/ (u 2)@‘&?{"‘6‘1 The solid line is an exponential fit to the
data. Error bars lie within the points.

T= Th' lk

onfined

an inflection point near %’:ﬁ‘ﬁ‘“g/ ‘i)':ﬁ‘l‘(‘ed = 1. For T“{,':fﬁ‘("“

TConﬁned < 1, C depends strongly on Tgiﬂfl‘ﬁmg/ T'Cﬁ,'ﬁ[:ed for

%‘ﬁ{(““g/ "brl‘fl‘f(‘ed > 1, its dependence is weaker and more linear.
Notably, these two regimes correspond to conditions under
which the confining material is liquid and glassy, respectively, at
the T, of the confined material. Given the qualitative differences
between these two regimes, it seems unlikely that C is

fundamentally controlled by the relative time scales of slow

relaxation processes in the two layers, as measured by g‘i)':]ﬁ"‘“g/
Tconﬁned
gbulk

Alternatively, the confined T, may be sensitive to the relative
strength of fast dynamics in the two films. This possibility
would be consistent with the expectation that confined T, is
impacted by the “hardness”, or modulus, of the confining
surface. The Debye—Waller factor (), which is a measure of
segmental “rattle-space” on a picosecond time scale, provides a
measure of fast dynamics with strong connections to diffusion,
reaction, and relaxation rates in glass-forming liquids. 4344
Moreover, (u*) is more closely linked to layer “hardness” than
is Tg: previous studies have, on the basis of a Maxwell model,
argued for a rough proportionality between the high frequency
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shear modulus and the quantity kT/(u*).**~* A depend-
ence of T, on the ratio of (#*) in the confining and confined
materials would therefore be qualitatively consistent with the
observed dependence on relative stiffness of these materials.
Accordingly, in Figure 4b we replot C versus the ratio
(u?)gonfining / ¢y 2yconfined o each layer, where, in accordance
with prior studies,**** we define (4?) as the mean square
displacement at a time of 17 (corresponding to approximately 1
to 10 ps in real units). We focus on (u*) as measured in the
bulk to avoid relying on experimentally difficult thin film (u®)
values, and we use its value at the bulk T, of the confined
material as a convenient convention. As shown by Figure 4b, C

exhibits an exponential dependence on (u?){opfining/ <u2>c°nﬁ"ed

R0 [
< >conﬁned

C=A exp[
bulk

()

where for this system A = 0.17 and B = 1.1 with coefficient of
determination R* = 0.99. This simple dependence of C on
(uPygonfining /( 2yconfined gyo0ests that softness of confinement
should be defined based upon the relative Debye—Waller
factors or, alternatively, high frequency shear moduli of the
confined and confining materials, rather than upon their relative
relaxation times or lower-frequency moduli.

Combination of eqs 2 and 3 suggests a master equation
describing the effects of interfacial adhesion energy and the
ratio of (u*) between the two layers on confined Ty:

fs 2 confinin,
’I:g, _ T < > A* /bulk i
e = + AE; exp| —
T ulk Tbulk < >conﬁned
g g bulk peonined ( 4)

where A and B do not depend to leading order on E; or (u*) but
may be a function of the specific confined material and of layer
thickness. Equation 4 contains only three quantities specific to
the confined state: Tgfs/ Tgblllk quantifies the T, suppression in
an equivalent freestanding film; A quantifies the dependence of
T,/ Tgbulk on E; for a material sandwiched between completely
hard confining surfaces; and B quantifies how rapidly this
dependence weakens as the relative stiffness of the confining
material is reduced. Since other quantities are defined in the
bulk state, eq 4 enables prediction of nanoconfined T, based
upon characterization of only three nanoconfined states for a
given material at a given thickness.

How can the dependences captured by eq 4 be physically
rationalized? First, a simple activation model of relaxation leads
to a linear dependence of T, on E, since T, is proportional to
the activation energy E, of segmental relaxation, and E, near the
interface can be expected to scale linearly in E,. Alternatively,
Shi, Jiang, and co-workers have proposedso’51 a Lindemann
theory of glass formation under nanoconfinement that, in the
limit of low works of adhesion, predicts a linear dependence of
T, on E; (see Supporting Information). However, neither of
these models apparently yield an exponential dependence on
(u?)gonfining / (1 2yconfined - Qualitatively, this dependence yields
reasonable limiting behavior: C goes to zero for perfectly soft
confinement ((y2)onfining /(y2yeonfined - o5 and to a fixed finite
value for perfectly hard confinement ({u2){nfining/(y*)gonfined _,
0). We suggest that further insight into this dependence will
require characterization of interfacial gradients in (4*) and 7,,. A
future paper will examine these quantities for the nanolayered
systems considered here.
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In summary, on the basis of molecular dynamics simulations
of nanolayered films, we propose a master equation describing
the combined impacts of interfacial adhesion energy and
softness of confinement on nanoconfined T, The data on
which this model is based is obtained for relatively low
molecular weight polymers; we therefore expect this form to
apply over the broad range of molecular weights for which no
appreciable molecular weight dependence of nanoconfined T,
is observed in freestanding films (less than approximately 350
kg/mol for polystyrene, for example).”> This form specifically
identifies the ratio of Debye—Waller factors of the confined and
confining materials, as measured in the bulk, as a key “softness”
parameter controlling confinement effects on T, In contrast,
the materials’ relative T, and, therefore, their relative structural
relaxation time, is somewhat less informative. This may explain
why polystyrene supported on liquid glycerol exhibits T s
suppression substantially weaker than freestanding PS films,’
since glycerol relaxes quickly but has a relatively low (u?).>*>°
Observed qualitative agreement between results of these
simulations and experimental results in other geometries
suggests that the proposed functional form may also describe
systems such as supported films, block copolymers, and
colloids. This potential master form could therefore provide a
valuable new tool in the design of nanostructured materials.
Finally, these results emphasize the potential of bulk internally
nanostructured systems to provide a valuable setting for the
study of nanoconfinement effects on the glass transition.
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