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ABSTRACT: Despite having very similar bulk properties such
as glass-transition temperature (T ), density, and fragility,
polystyrene (PS) and poly(methyl methacrylate) (PMMA)
exhibit characteristically different T, depression in free-
standing ultrathin films due to free surface effects. Here we
explain this difference using our recently established chemistry-
specific coarse-grained (CG) models for these two polymers.
Models capture the dissimilar scaling of T, with free-standing
film thickness as seen in experiments and enable us to quantify
the size of the regions near free surfaces over which chain
relaxation exhibits differences from bulk. Most interestingly,
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vibrational density of states (VDOS) analysis uncovers a relationship between the amplitude of side-chain fluctuations, associated
with side-chain flexibility and T-nanoconfinement. We discover that increasing backbone to side-chain mass ratio in CG models
increases the amplitude of side-chain fluctuations and suppresses the free-surface effect on T,. We show that mass distribution
and side-chain flexibility are central to explain dissimilar free surface effects on PS and PMMA. Our model predictions are further
corroborated by experimental evidence showing the role of mass distribution in styrene thin films. Our study ascertains the
significance of molecular characteristics on nanoconfinement and highlights the ability for chemistry-specific CG models to

explore the thermomechanical properties of polymer thin films.

lass-transition and structural relaxation in polymer thin

films with nanoscale thicknesses significantly deviate from
known bulk behavior of constituent polymers. This effect,
broadly referred to as the nanoconfinement effect, occurs due
to the presence of polymer—air or polymer—substrate interfaces
in films, where the discontinuity in the neighboring interactions
of polymer chains near the free surface or solid substrate
influences a large portion of nanoscale films by volume. This
can cause large shifts in key materlal properties such as the
glass-transition temperature (T) © relaxation dynamics,””
and mechanical properties.''~ 145 In freely standing thin films, T,
reduces with decreasing film thickness due to a “liquid-like”
surface layer stemming from the reduction of topological
constraints at the free surfaces.”'>'® This portrayal, however,
lacks an explanation as for why some polymers undergo greater
T, reduction than others. Toward this effort, many hypotheses
have been proposed to explain unique experimental observa-
tions, but none provide a comprehensive narrative.

An observation that remains particularly challenging is the
dissimilar T, behaviors between poly(styrene) (PS) and
poly(methyl methacrylate) (PMMA) in free-standing thin
films. PS and PMMA display remarkable similarities in bulk
properties, such as bulk Ty, density, elastic properties,
persistence length, surface tension, and fragility (see Table 1),
but surprisingly have characteristically different T, depression in
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the film configuration.””** Roth et al. studied free-standing film
T, through transmission ellipsometry and found that at a film
thickness of 40 nm, PS (M,, = 767 X 10°> g/mol), exhibits a T,
reduction of 52 K compared to 15 K for PMMA (M,, = 790 ><
10° g/mol)."”** Systematic modifications to PS and PMMA
have also been performed to explore trends pertinent to the
free-surface effect such as length scale of cooperative segmental
dynamics ¢ (CRR),”**° backbone rigidity,””*’ side-chain
flexibility, and fragility.””*° However, in comparing PS vs.
PMMA, a mechanistic explanation for the strength of free-
surface-induced T, reductions as a result of chemical structure
remains unclear. In the present study, to explore the T,-
confinement behaviors of free-standing films, we employ
coarse-grained (CG) models derived from our recently
developed thermomechanically consistent coarse-graining
method (TCCG)*"** (Figure 1). By using vibrational density
of states analysis (VDOS) and systematically varying
parameters in the CG models, we are able to uncover
underlying mechanisms of T,-confinement effect differences
as observed in PS and PMMA free-standing films. To our best
knowledge, this work presents the first bottom-up approach
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Table 1. Bulk Experimental Properties for PS and PMMA

type monomer weight (g/mol) bulk Ty, (K) p* (g/cm®) modulus® (GPa) fragility m Co”
PS 104.15 370" 104" 2.3-33" 118-142" 9.85%
PMMA 100.12 385" 110" 22-38" 103-145" 9.0
“At 300 K.
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Figure 1. (A) Polymer structure and coarse-grained bead force center 59_10 ’.' '/'
locations of backbone (a) and side-chain beads (b) for PS and PMMA. Y R
(B) Two-bead per monomer coarse-grained bead model shown B H—
overlaid on the all-atomistic system. ook f
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To characterize confinement differences between PS and H (nm)
PMMA CG models, we first calculate and compare a-relaxation C of v T ) T T v
times 7, as a function of temperature for the bulk and ~18 nm O Feg-g-g-o-oo
thick film systems (Figure 2a). The methodology we use to -0.5} 9/ -
calculate 7, and T, from the dynamic structure factor relaxation /a7
is described in detail in the Supporting Information. Our L
analysis reveals that Vogel—Fulcher—Tammann (VFT) curves 2445 o/
for PS exhibit a greater shift than PMMA between bulk and 18 £, i
nm film at the relaxation time associated with co gutational R
estimated at the temperature where 7, = 1 ns.”*™>° AT, (= - i
T§ - T"“lk) is a measure of the degree of confinement and is '2-5?.'
found to be —17 and =3 K for PS and PMMA, respectively, at 3l © PMMA Eilm
~18 nm film thickness. In addition, PS exhibits a larger ; a PS Film
- 5 i ' i i i
depression of the film T, with decreasing thickness H than 3.5% 5 4 3 s T

PMMA (Figure 2b), 1nd1cat1ng a greater enhancement in chain
mobility and relaxation dynamics induced by the free surface
for the PS film. AT vs thickness data are fitted with the
empirical function:* T (H) Tb“n‘[ — (A/H)?], where A and 6
are fitting constants. At H ~ 40 nm, the PMMA film T,
converges to the bulk value, whereas the T, convergence for PS
occurs at a greater thickness H =~ 100 nm. Experimental
measurements tend to indicate a higher degree of depression
than estimated by the incumbent simulations. This is likely
because T, is calculated at higher cooling rates in simulations,
which can suppress the mobility gradient.’*”” Despite this
difference, we find that our simulation results remain in
significant qualitative agreement with experiments and are also
consistent with other computational studies.”* Our CG models
are derived using a consistent approach and have been tuned to
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Figure 2. (A) Vogel—Fulcher—Tammann (VFT) fit of temperature-
dependent a-relaxation times. PMMA bulk and 18 nm film data shown
as filled and unfilled red circles, respectively. PS bulk and 18 nm film
data shown as filled and unfilled blue squares. Arrows indicate a shift in
the film T, from bulk. (B) AT, versus free-standing film thickness for
PMMA and PS shown as red cu‘cles and blue squares, respectively. (C)
Local a-relaxation time normalized by the bulk-like interior region
(7,/72"%) as a function of film location z for PMMA and PS shown as
red circles and blue squares, respectively.

match all-atomistic (AA) and experimental bulk T, at high
cooling rates which are maintained throughout the study.
Therefore, we mainly investigate whether the cause of relative
confinement differences between polymers systems can be
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explained by chemistry-specific attributes incorporated into the
CG models.

For free-standing thin films, a layered model consisting of a
free-surface layer and an interior bulk-like layer is commonly
employed in describing the physics of T, depression.”*” We
evaluate the local film relaxation time 7, along the film
thickness z, normalized by the bulk-like interior region 75" at
the temperature T = Tg“‘k (Figure 2c). A gradient in local
relaxation times is observed with enhanced segmental mobility
near the free surface for both systems, penetrating several
nanometers further into the interior of the film. The relaxation
profile can be captured by the function: ' In(7,(z)/75%) = —A,
exp(—z/A), where A; and A are fitting constants. The profile of
7,/75™% shows a larger shift in relaxation time near the surface
for PS than for PMMA. In addition, the local relaxation time
converges to within 95% of the bulk relaxation time at a depth
of ~6—7 nm and ~10—11 nm from the free surface for PMMA
and PS, respectively. The differences in the length scale where
AT, approaches zero as well as the length scale of local
relaxation time enhancement can be correlated with the
characteristic size of cooperatively rearranging regions £(CRR),
theorized by Adam and Gibbs to be strongly connected to the
behavior of glass-forming systems.”*”*" These results suggest
that the length scale of cooperative rearrangement arising from
the free surface is greater for PS compared to PMMA, as the
perturbed chain dynamics persist further into the film for PS.
This observation agrees qualitatively with experimental
findings of surface dynamics and CRR (&pyya(CRR) ~
1/26p5(CRR)). 7

The differences in PMMA and PS confinement effect can
also be described through comparison of the Debye—Waller
factor (DWF) (u?), a dynamic measurement of the local “rattle-
space” between adjacent beads at the picosecond time scale.
DWEF is generally related to the local free volume v by v ~
(u*)** which plays a key role in the glass-transition
behavior.”**"**~** We evaluate the DWF by measuring the
mean-squared displacement of CG atoms at ~10 ps at T = 350
K, which is below the bulk T, for both systems to ensure beads
are in the caged regime.”” We find that the normalized surface
DWEF, (u*) ¢/ (4*)puy. is higher for PS (~1.85) than for PMMA
(~1.35), indicating a greater shift in free volume occurring in
the surface region for PS than that of PMMA.

Next, we focus on understanding the possible mechanisms
that cause the above observations from the coarse-grained
representation of the PS and PMMA models. Hypothesizing
that the differences in PS and PMMA T,-nanoconfinement
behaviors arise from different dynamics of backbone and side-
chain beads, we characterize the vibrational density of states
(VDOS)* ®(w) as a function of frequency  for the different
CG bead types by calculating the discrete Fourier transform of
the velocity autocorrelation function (VACF) w(t) (detailed
description of VDOS is included in the Supporting
Information). We observe distinctly opposing behaviors in
the VDOS for the two models in regards to CG bead
fluctuations of the effective aggregate chemical groups. The
PMMA CG vibrational spectrum obtained from Cartesian
coordinates of the side-chain bead force center shows a high
intensity normal mode occurring at ~9 THz corresponding to
backbone-side-chain bond stretching vibrations (Figure 3). The
PS side-chain, however, shows only a minor backbone-side-
chain bond stretching peak near ~16 THz. These peak
frequencies correspond qualitatively with the normal mode
peak frequencies of AA VDOS peaks of the Cartesian positions
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Figure 3. VDOS spectra in arbitrary units for PS and PMMA CG side-
chain beads in Cartesian space, as a blue dotted line and red solid line,
respectively, indicating larger amplitude side-chain fluctuations in
PMMA. (Inset) VDOS spectra for the effective CG bead centers are
calculated in the all-atom system for comparison.

of the effective side-group mass centers (Figure 3, inset). The
magnitudes of the peaks cannot be compared quantitatively due
to other spectral contributions from the additional degrees of
freedom in the AA system. This analysis demonstrates that
PMMA exhibits characteristically larger amplitude side-chain
fluctuations than PS, which suggests greater relative side-chain
flexibility for PMMA. This observation of the side-chain
flexibility is also consistent with atomistic characteristics
where the linear ester side-chain group in PMMA facilitates a
higher degree of freedom compared with the rigid phenyl side-
chain of PS.

The relative side-chain to backbone mobility is expected to
be influenced by the mass distribution within a monomer,
which in the case of our 2-bead per monomer coarse-grained
models, can be conveniently captured by the backbone to side-
chain bead mass ratio m,/mg, which is 0.35 for PS and 5.7 for
PMMA, respectively. As evident from these values, although the
molecular weight of the repeat unit for PS and PMMA is nearly
equivalent, the mass is distributed very differently in the two
systems. PS has a heavier, more rigid and bulkier phenyl group.
In contrast, PMMA has a methyl group attached to the
backbone and a more linear and flexible ester side-chain.
Considering each monomer is represented as two beads
interacting with a spring-like bond, we anticipate that the
larger bead should exhibit smaller normal mode fluctuations
with respect to the Cartesian frame of reference, and the
smaller bead should conversely have larger fluctuations.

On the basis of our VDOS analysis and comparative study of
T, for PS and PMMA, we hypothesize that the side-chain
fluctuations can greatly influence the free surface effect on thin
film T, Specifically, low amplitude side-chain fluctuations
associated with lesser side-chain flexibility and lower side-chain-
induced free volume facilitate a greater bulk Ty however, upon
free volume introduction in the free-standing film condition,
this effect is lost, and a sharp drop in T, is observed. Using the
PS model as a vehicle for parametric study, we vary the mass
ratio between the backbone bead (type A) and side-chain bead
(type B), my/my, from 0.1 to 10 while maintaining a constant
total mass and thus approximate density. The T, of bulk and
~18 nm thick film are then calculated for each mass ratio
(Figure 4A). As the mass ratio of the PS model is increased
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Figure 4. (A) T, versus backbone to side-chain mass ratio m,/my from systematic parameter changes in the modified PS model. Blue and red arrows
show PS and PMMA mass ratio values for reference. (Inset) AT, shows suppressed T,-confinement effect with increasing mass ratio for the modified
PS model. (B) AT, suppression is also correlated with the backbone side-chain stretchlng mode peak intensity ®(w,g).

(toward the PMMA mass distribution), we find that the T,
decreases for both bulk and film systems following linear scaling
with In(m,/mg). The general trend of decreasing T, with
increasing side-chain flexibility is similar to the T, scahng
observed in poly(n-alkyl methacrylates), where increased
polymerization of alkyl chains on the ester side-group lowers
the T 2% We note that the slightly higher T, of PMMA
compared to PS as seen experimentally is attalned by
implementing stronger side-chain cohesive interactions in the
original CG formulations, which is consistent with higher
polarity found in the PMMA ester group. White et al. also
observed a higher cohesive energy density for PMMA than PS
using polymer-specific empirical lattice models, which they
attributed as one potential reason why higher T, depression for
PS free-standing films with decreasing film thickness was
observed.”> The cohesive energy density appears to play a key
role in T,-nanoconfinement in combination with other
structural factors;*® however, when only varying cohesive
interactions of either backbone or side-chain beads (g4, = 0.1—
0.5 kcal/mol, egz = 0.3—1.4 kcal/mol), we do not find a
consistent trend in ATg for our 2-bead CG models.

In addition, AT, is suppressed for larger mass ratios, as
shown in Figure 4A inset, and scales linearly with In(m,/my).
At the mass ratio pertinent to PS (m,/my = 0.35), AT is ~—17
K. After modifying the mass ratio to the equivalent distribution
for PMMA (m,/my = 5.7), the AT, shifts to ~—8 K, indicating
reduced free surface effect. This may be explained through the
following reasoning: For increasing mass ratio, the lighter side-
chain group undergoes higher amplitude oscillations in
Cartesian space, thus exhibiting greater side-chain flexibility
and higher side-chain contribution to free volume around the
chain. The CRR size has been shown to decrease with
increasing free volume,*' which leads to diminished mobility
propagation into the film interior and suppresses Tg-nano-
confinement effect. We acknowledge, however, that differences
in the CRR size may not be the only factor explaining the
dissimilarity in the free surface effect for PS and PMMA. The
VDOS peak intensity ®(w,p) for the normal-mode frequency
g associated with backbone to side-chain bond vibrations is
measured at each mass ratio condition (Figure S2). We find
that AT, scales linearly with In(®(w,z)), showing a connection

8
between AT, and the side-chain fluctuation amplitude in
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Cartesian space, as shown in Figure 4B. The fragility m defined
as m = [d(log TU,)/d(Tg/T)]TzTg is also computed for the bulk

systems and is found to be statistically invariable for different
mass ratios. This allows us to rule out fragility in the bulk as a
predictor of nanoconfinement differences between PS and
PMMA, confirmed by the similar experimental fragility
measurements for PS (103—145) and PMMA (116—143)."”

A similar trend of decreasing T,-nanoconfinement effect with
increasing backbone to side-chain mass ratio can be seen from
experimental comparisons of PS, poly(a-methylstyrene)
(PaMS), poly(4-methylstyrene) (P4MS), and poly(tert-butyl-
styrene) (PTBS) supported films.">" PaMS$ contains a
methyl group at the backbone a-carbon, which effectively
increases the backbone to side-chain mass ratio and causes a
reduced T,-nanoconfinement effect in 20 nm films (ATg“MS =
—12 K) compared to PS (AT;® = —17 K). When the methyl
group is added instead, to the para 4-position on the phenyl
side-group in P4MS, effectively decreasing the mass ratio, the
T,-nanoconfinement effect increases (AT2™S = 33 K).
Furthermore, addition of a heavier fert-butyl group to the
para position of the benzene ring produces a much greater T,
depression (ATPTBS = —47 K). We note that CRR sme,
however, was not found to correlate with mass ratio in this case,
and therefore, the length scale of cooperative motion is not the
only factor influencing the differences in T,-nanoconfinement
effect for these systems. In addition, the strength of the free
surface effect with mass ratio appears to hold especially for
bulky side groups, as mass added to the side-group of PMMA
through relatively linear alkyl polymerlzatlon has the opposite
effect on Tg—nanoconﬁnement We suggest that this is because
linear alkyl polymerization of PMMA increases side-chain
flexibility and generates greater free volume, which has a similar
effect as increasing the mass ratio. Examining the effects of
adding a linear side-group consisting of a chain of beads using
our CG model could provide a more direct comparison for this
case.

In summary, our simulation results for PS and PMMA CG
models show that the reduced T, -nanoconfinement effect in
PMMA compared to PS can be attributed to increased side-
chain flexibility associated with chemical structure features such
as mass distribution and side-chain fluctuations. Our results
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suggest that the bulky, rigid phenyl side-group in PS is
responsible for a high T, in the bulk, larger characteristic size
for cooperativity and enhanced relaxation region length scale,
but upon free volume introduction in the free-standing film
condition, a larger T, shift and therefore greater T;-nano-
confinement effect is produced. In contrast, the higher side-
chain flexibility in PMMA is responsible for decreased
characteristic size for cooperativity and higher side-group
induced free volume. Consequently, the propagation of free
surface induced chain mobility into the film is diminished in
PMMA compared to PS. Our findings elucidate the possible
molecular origins of unexplained phenomena as observed in
nanoscale polymer thin films and highlight the predictive power
of chemistry-specific CG modeling for providing insight toward
the physics of polymer systems.
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