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ABSTRACT: Molecular dynamics in ultrathin layers is investigated using nanostructured
electrodes to perform broadband dielectric spectroscopy measurements, and by atomistic
molecular dynamics simulations. Using poly(vinyl acetate) as the model system and taking
advantage of access to the distribution of relaxation times in an extended temperature range
above the glass transition temperature, T,, we demonstrate that while the mean rates of the
segmental relaxation remain bulklike down to 12 nm film thickness, modified molecular
mobilities arise in the interfacial zones. Combining results from simulations and experiments,
we show unambiguously that both the slow relaxations arising from adsorbed polymer
segments and the faster modes attributed to segments in the vicinity of the free interface
have non-Arrhenius temperature activation. These interfacial regions span thicknesses of
~1.5 nm each just above the calorimetric T, independent of molecular weight and film
thickness. These deviations at interfaces are relevant for applications of polymers in
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adhesion, coatings, and polymer nanocomposites.

or close to three decades now, amorphous polymer thin

films have received close scientific attention in pursuit of a
fundamental understanding of the phenomena that occur in
confinement, and because of the many possible practical
applications, such as protective and lubricating coatings, smart
window layers, adhesives, microelectronic encapsulants, and
dielectrics. "> Because interfacial interactions and free surfaces
are expected to play a significant role in determining the overall
properties of thin films as their thickness is reduced, recent
focus has been directed toward designing experiments that give
direct access to the interface, rather than those that probe the
global characteristics of the films.>™ ' For example, Ellison and
Torkelson inserted dye-labeled molecules in known positions
of polystyrene films, and reported a distribution of Ts through
the expanse of the film from their fluorescence studies.” Using
a similar approach, Paeng et al. estimate the thickness of a
mobile surface layer in free and supported films to be ~4 nm at
Tg.14 By probing dynamics in polymer blend films, Yin et al.
conclude that the T, shifts arise due to a mobile layer that
preferentially assembles at the surface.'” Theoretical and
computational approaches have made a case for the existence
of different dynamic regimes in thin films, and especially
limited mobility in the first adsorbed layer.'®~*° The existence
of a gradient of mobilities and glass transition temperatures in
different regions of the confined material has been demon-
strated and dependence on the nature of the supporting
substrate explored.””** Slower and more heterogeneous chain
and segmental dynamics near the substrate have been reported
for different polymer films interacting with unattractive
surfaces”””** with an additional relaxation mode that is not
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present in bulk."”**** A common string running through the
aforementioned experimental efforts is the fact that they make
use of an indirect approach to probing the dynamics of
interest. In using dye-labeled molecules, for instance, it is
implicitly assumed that there is complete coupling of probe
dynamics to the host polymer’s relaxation, and that the dye
labels are uniformly distributed throughout the film.

In the present work—distinct from previous efforts that
involved evaporation of metal electrodes onto polymer layers
hence introducing potential artifactual effects on the measured
dynamics®' —a nondestructive approach that employs BDS in
combination with a nanostructured electrode arrange-
ment”**~** is used to probe the dynamics of neat poly(vinyl
acetate) (PVAc) in the vicinity of solid and free interfaces. It is
demonstrated that although the mean relaxation times for thin
PVAc films remain bulklike, there are additional relaxation
modes that arise due to confinement. We perform atomistic
molecular dynamics (MD) simulations utilizing a sample
geometry that closely mimics experimental conditions and
show evidence of modified mobility at the interfaces: an
additional slow process, with Vogel—Fulcher—Tammann
(VFT)-like temperature activation, emerges due to adsorption
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Figure 1. Imaginary part of the complex dielectric function, ¥ = ¢’ — i¢”, as measured for (a) a bulk sample and (b) a supported 12 nm thin layer
of poly(vinyl acetate) (PVAc), M,, = 110 kg/mol. For graphical clarity, data is displayed only for a select set of temperatures. The solid lines are fits
as described in the text (see the SI for details on fitting thin film data). (c) Dielectric loss as a function of frequency, for samples with different
thicknesses as indicated, normalized with respect to the maximum loss value of the segmental relaxation as well as the respective frequency position.

Insets: (a) chemical structure of PVAc; (b) schematic representation of

the sample geometry used for BDS measurements of thin polymer samples.

The error bars are comparable to the size of the symbols unless otherwise indicated.

of the polymer on the silica surface, while polymer segments in
the immediate vicinity of the free interface have accelerated
mobility and also bear non-Arrhenius temperature activation.

Figure 1 shows raw dielectric data as measured at different
temperatures for a bulk sample (Figure la) of PVAc (M, =
110 kg/mol, PID = 2) and a 12 nm thin film of the same
sample (Figure 1b). The bulk data is dominated by two

processes that show up as a peak and a flank on the low-
frequency side representing segmental relaxation and dc ionic
conductivity, respectively. These spectra can be adequately
described (see the solid lines in Figure 1a) by a combination of
the empirical Havriliak—Negami (HN) function® and a term
accounting for the conductivity contribution:

. O A
e*(w) = i + e, + i
WEy (1 + {iwryy

7y where &* = ¢ — ie” is
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the complex dielectric function; 6y, €y, €., A€, Tyy, f, and y
are the dc conductivity of the sample, the dielectric permittivity
of vacuum, the permittivity of the unrelaxed medium, the
dielectric relaxation strength, the characteristic relaxation time
of the HN model, and the symmetric and asymmetric shape
parameters, respectively; and @ = 27f is the angular frequency
of the applied external field.

Figure lc shows dielectric loss data measured at 335 K for
PVAc (M,, = 110 kg/mol) bulk and two thin film samples. A
similar plot for the other molecular weight (157 kg/mol)
studied is provided in Figure S1. The data—normalized with
respect to the maximum loss value of the segmental
relaxation—reveals no shift in the mean frequency position
of the loss maximum. Clearly, the spectra for the thin films
have more features arising from several contributions (see the
schematic in the inset, Figure 1b), namely, the thermally
oxidized silica layer on the Si wafers, the silica nanospacers, the
polymeric film, the (air) gap between the film layer and the
spacers, and the wafers. All these contributions are considered
when ﬁttin;g the measured functions; the details are published
elsewhere™ and briefly explained in the Supporting Informa-
tion. To describe the contribution of the polymer layer, we use
three HN functions (Figure 2a) to account for the structural
relaxation, and two additional processes that show up—one as
a hump on the low-frequency side, and the other on the high-
frequency side. We refer to them in the rest of this work as
Ogow and ag,, respectively, and are able to follow them albeit
within a narrow temperature range. As will be shown later, we
have carried out atomistic simulations which provide further
evidence for the presence of these additional modes.

From Figure 2, we make several pertinent observations:
First, a process, ag,,, slower than the structural relaxation by
~2 decades (at high temperatures) shows up for the thin films.
The shape of this relaxation does not seem to change with
temperature (not shown) but clearly broadens symmetrically
with film thickness (Figure 2a). We ascribe this slow process to
adsorbed polymer segments or those close to them at the
substrate/polymer interface; their motion is hindered by the
physical constraints, hence conformational changes, imposed
on them. Recently, Cheng and Sokolov reported a similar
process in PVAc nanocomposites and alluded it to an
interfacial layer in the immediate vicinity of the nano-
particles.”” It is important to note here that while these effects
are observed in nanocomposites, thin polymer films allow for
investi%ation in a precisely controlled flat geometric confine-
ment.”*~* Second, ag, a process faster than the structural
relaxation, is present, and its shape shows dependence on both
film thickness and temperature. This process is assigned to
polymer segments at the polymer/air interface which have
more degrees of freedom in their response to an external
perturbation. It narrows down almost symmetrically with film
thickness, suggesting that the further away the free segments are
from the polymer/solid interface, the less heterogeneous their
relaxation becomes. As temperature is increased, their
relaxation becomes more homogeneous, hence the narrowing
of the peak. Third, we observe that, compared to bulk, the a-
relaxation is barely changed in its spectral position and shape
down to the thinnest film (12 nm) studied. The fact that the
mean structural relaxation times in the thin films are identical
to those in the bulk system implies that the dynamic glass
transition is, in this respect, not influenced by confinement.
Using local dielectric spectroscopy—which also offers one free
interface—Nguyen et al. have studied PVAc thin films on
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Figure 2. (a) Demonstration of the fitting of the dielectric loss data
measured at 350 K for a 12 nm thin film of PVAc (M,, = 110 kg/mol).
First, the low- and high-frequency flanks (dash and dash—dotted lines,
respectively) are subtracted from the as-measured data (open
pentagons) thereby resulting in a corrected spectrum (open circles).
To describe the corrected spectrum, three Havriliak—Negami
functions are needed, thereby helping identify three relaxation
processes o, @, and Qg as indicated. (b—d) HN functions for
the three processes displayed for different samples with varying
thicknesses. The error bars are comparable to the size of the symbols
unless otherwise indicated.

various substrates and find that the segmental dynamics of a 12
nm thin film supported on silicon has bulklike dynamics in
terms of both the mean relaxation rates and the width of the
relaxation peak.’' Put together, these observations help build a
concise picture of the effect of geometrical confinement on
macromolecules. This picture can explain the reason for
disparity in the results reported for dynamics in thin films over
the past several decades. It is likely that reports of drastic
suppression or enhancement of the glass transition temper-
ature in thin films, especially by ellipsometric studies, are a
result of a procedure that gives greater weighting to either the
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J. Phys. Chem. Lett. 2021, 12, 117-125


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03211/suppl_file/jz0c03211_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03211/suppl_file/jz0c03211_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03211/suppl_file/jz0c03211_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03211?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03211?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03211?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03211?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c03211?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

log(z[ns])

1 2 3

1 1 1 1 Il 1

-2 -1 0
1 ] L ] ) ]
= 0.1
s ]
0.01
0.6
—~ 04
N
> 0.2
0.0
1 3
T 0.1 .
q —fil
S ] to?)qlayer
i —— middle layer
bottom layer
0.01 5 —--buk
: T T T T T
-2 -1 0

at the same temperature (500 K).

log(z[ns])

Figure 3. (a) Monomer dipole autocorrelation function (¢) for film (symbols) and bulk (dashed lines) at five temperatures: 400, 430, 460, 500,
and 560 K. (b) Distribution of relaxation times for thin film (symbols) and bulk (dashed lines) at 460, 500, and 530 K. The inset in part b is a
zoom-in into the long-time side of the graph. (c) Monomer dipole autocorrelation function for different layers and the total film compared to bulk

“free segments” at the top of the film or the “constrained
segments” at the solid interface, respectively. This fact has been
alluded to by the work of Forrest and Dalnoki-Veress who
advance a model which shows that what is typically measured
as a dilatometric glass transition temperature—characterized
by a kink in the temperature dependence of film thickness or
index of refraction—only represents the dynamics of a small
fraction of the sample.*” On the other hand, techniques like
BDS and ac chip calorimetry which probe the whole sample
volume report an average of all relaxation times available; if
therefore focus is paid only to the mean relaxation times of the
molecular process of interest, and not their distribution, some
effects of confinement may go unnoticed.*’

MD simulations were performed with a model that
encompasses full atomistic detail and partial charges to
examine the range of segmental dynamics throughout the
film using the same metric probed in experiments: the segment
dipole autocorrelation function. Recent computational studies
with weakly interacting apolar models emphasized that, beyond
density effects, torsional barriers present in atomistic models of
polymers contribute to sorption/desorption dynamics at low
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temperatures and proposed an Arrhenius dependence for
residence times on surfaces.'”>*** These studies also suggested
that dielectric relaxation should remain unimodal albeit with a
broader dielectric loss, but no comparison to experimental data
was offered. Within this study, the strong interactions of PVAc
with the silica allow for a direct probe of distinct surface
dynamics through microsecond-long simulations at elevated
temperatures offering together with BDS an unprecedented
broad view of dipolar relaxation on surfaces over a range
spanning at least 200 K.

Segmental dynamics are quantified in the time domain by
calculating the monomer dipole autocorrelation function in the
z-component (@) from the MD trajectory as

p(At) = (@ (t + A4 (1)) /(L ()L (1)),
A(t) =X, qi~7;~€;(t) is the z-component of the monomer

where

dipole moment at time ¢, and g and r represent the partial
charge and position of the atoms, respectively. Dynamics are
probed in the z direction for comparison with BDS data.**
Relaxation of the monomer dipole autocorrelation of bulk
PVAc follows other measures of segmental relaxation such as

https://dx.doi.org/10.1021/acs.jpclett.0c03211
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torsional autocorrelation functions (as shown in Figure S2), a
feature that has been observed for other molecules as well.*
Segmental dynamics in film and bulk PVAc at different
temperatures are compared in Figure 3a. The initial steep drop
in the autocorrelation function is due to fast-vibrational
motion. This librational relaxation occurs at time steps smaller
than times depicted in the figure for both film and bulk. At
short times, the trend in films is identical to bulk, but it
diverges at longer time scales where an additional relaxation
mode becomes prominent. This second relaxation is related to
decelerated polymer segments on the silica substrate,””*"****
hence corroborating our experimental dielectric results.

In order to obtain a comprehensive picture of the different
relaxations and compare the simulation results with BDS data,
the distribution of Debye relaxation times was extracted*®™**
as gc(t) = X, l//(log(f))e('t)/(T), where @ is fitted to ¢, and
w(log(r)) is the weight of segments with characteristic
relaxation time 7. Figure 3b shows the distribution of Debye
relaxation times for thin films and bulk at different temper-
atures. The slow process is not well-described by the fits
because of its small contribution to the overall autocorrelation
function and the high error in the data at longer times.
Consequently, the distribution of relaxation times shows a
sharp peak for the slow process which does not match ¢
exactly and, as shown by the Kohlrausch—Williams—Watts
(KWW) fits,* should be more heterogeneous. Nevertheless,
the fits show the overall trends of relaxation times in film
compared to bulk. As observed in the dielectric loss graphs
from BDS experiments (Figure 1c) and simulations (Figure 3),
the range of relaxation times is broader in films, with both
smaller and larger times than bulk (see also Figure S3 where
experimental data is directly compared to simulations). There
are two separate modes present in the thin films as revealed by
simulations, indicating two different relaxation processes. As
previously mentioned, the peak at longer relaxation times arises
from adsorbed segments at the polymer/substrate interface
due to strong interactions mediated by the presence of
hydrogen bonds between the polymer and silanol groups. The
relaxation mode occurring at short times in the films coincides
with the primary relaxation in the bulk system and is therefore
unambiguously assigned to the dynamic glass transition.

For the films, an additional distribution is observed at short
relaxation times due to the presence of the free interface which,
unlike the attractive substrate, does not present a strong
deviation in segmental dynamics. The relative strength of the
slow process in thin films is small compared to the main peak,
but it increases with reducing temperature. This explains why
the contribution by the slow process to the overall spectra is
stronger in the experimental data than in the simulated data
(note that simulations are carried out at relatively higher
temperature than experiments). Now, by defining regions in
the film (i.e., bottom, middle, and top layer) and probing their
respective segmental dynamics by MD simulations (see Figures
S4—S6), we find that the effect of the interfaces is short ranged
given the fact that the middle layer has identical dynamics to
bulk (Figure 3c). Evidently, the dynamics of the film are
dominated by the middle layer which has the highest mole
fraction. The additional slow relaxation mode is only present in
the adsorbed layer. Both the bottom layer that exhibits the
second mode and the top layer have a range of 3—4 nm
throughout the temperature range (430—560 K). The portion
of segments at these layers does not show a strong temperature
dependence. There are two relaxation processes at the bottom
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layer: the main relaxation which is similar to bulk, and a second
relaxation mode with longer 7, responsible for the slow and
heterogeneous dynamics close to the substrate. The mean
relaxation time is smaller at the top layer, but its distribution
has strong overlap with the middle layer. The fast motion of
segments close to the free surface has a small contribution to
overall film dynamics. Evidently, therefore, the picture to be
drawn from these findings is that of segmental mobilities that
are, on average, faster than bulk at the free interface but
steadily slow down to reach bulklike rates in the middle of the
polymer before gradually slowing down further as a “gedanken”
probe approaches the solid interface.

In Figure 4, we present the temperature dependence of the
characteristic mean relaxation times of the main segmental
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Figure 4. Relaxation map for different processes in films (circles) and
bulk (squares) from simulations (open symbols) and BDS experi-
ments (filled symbols). High-temperature BDS data, Ty, is taken
from the literature.’® The solid, dash, and dash—dotted lines represent
VFT fits to the slow, segmental, and fast processes, respectively, with
parameters log 7, = (9.1, 12.1, 11.9); DT, = (1093.5, 1409.2, 1472.5
K), and Ty = (271.9, 268.8, 232.3 K). The pentagon symbol
represents T, for the bulk system determined by differential scanning
calorimetry. The error bars are comparable to the size of the symbols
unless otherwise indicated.

process (7, from experiments and simulations for both bulk
and thin films), and that of 7,,, and 74 present in the films.
For simulation, 7, and 7, are mean relaxation times from
KWW fits* of the film, and 7, is extracted by fitting the top
layer (as explained in the SI), while for experimental data, they
are calculated from HN parameters as 7 = 7y sin(fyz)/([2 +
27V sin(Br/[2 + 2y]) VP, Instructively, errors in simulation
results are caused by a several factors: the limited statistics at
low temperatures due to long relaxation times beyond the
capacity of state-of-the-art software; a low finite probability for
whole molecules to adsorb on the substrate contributing to an
average relaxation that potentially is slower due to the short
chains modeled; and the fact that decomposition to separate
processes involves numerical errors. Nonetheless, evidently,
values of 7,, extracted from experimental and simulation data
for thin films and bulk PVAc coincide, and their temperature
dependence can be described by a single Vogel—Fulcher—
Tammann (VFT) function,”' ™ 1/7,(T) = (1/7,) exp-
(=DTy)/[T — Ty]), where 7, and D are constants, and Ty
is the Vogel temperature. VFT-like dependence of the

https://dx.doi.org/10.1021/acs.jpclett.0c03211
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Figure S. Percentage of segments whose mobility, relative to the bulk system, is (a) fast, (b) slowed down, and (c) bulklike, expressed as functions
of temperature for films prepared from two different molecular weights of PVAc, as indicated. The inset in part b shows the temperature
dependence of the fraction of segments with fast (filled hexagons), slowed down (empty pentagons), and bulklike (stars) mobility as determined

structural relaxation times is characteristic of glassy systems
and conventionally delivers a dynamically determined glass
transition temperature, T, value for the system when
extrapolated to a relaxation time of 100 s, as evident in Figure
4. There is disparity in the literature concerning whether the
slow process arising from the solid/polymer interface has
Arrhenius or non-Arrhenius temperature dependence.”*~>° By
combining experimental and simulation results, we unambig-
uously show that both 7y, and 7y have VFT-like activation
for systems studied herein (see the caption of Figure 4 for fit
parameters).

Having so far established a picture of varying molecular
mobilities through the expanse of a supported thin polymer
film, one must answer the following question: what fraction of
segments have modified mobility compared to bulk? Given the
fact that three HN functions are required to fit the dielectric
loss data, we use their respective dielectric strengths Ag; to
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estimate these fractions as f, = Ag,/(Ae, + Agy, + Ae,) (see
Figures S7 and S8). Figure S shows the results of this analysis.
Here, in the low-temperature regime probed by dielectric
spectroscopy, the following is evident: (i) The fraction of
segments with increased mobility grows, and that with slowed
mobility diminishes with temperature. (ii) The magnitude of
the portions of segments with altered mobility has no obvious
dependence on molecular weight. (iii) Independent of film
thickness and molecular weight, the fraction of segments that
retain bulklike mobility is unchanged with temperature. As the
inset in Figure S shows, the values of all the three portions of
segments remain constant with temperature as revealed from
simulations. We opine that this is the case at the high
temperatures accessed by simulations; indeed, a plateauing out
of the values is evident from the experimental data. Taking cue
from the density profile in the film (Figure S9), the segments
with faster mobility are assigned to be at the free interface;
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those with reduced mobility are in the vicinity of the solid
interface, while those with bulklike ones lie in the middle. As a
first estimate of the length scales of these three regions, we
assume constant segmental density throughout the film and
calculate the corresponding sizes as fractions of the overall film
thickness (known from atomic force microscopy measure-
ments). The results of this estimate (Figure S10) reveal, close
to the glass transition temperature, a length scale of about 1.5
nm, independent of film thickness and molecular weight, for
both re§ions with modified mobility. While recent stud-
ies'**’7>” have provided a characterization of the faster-than-
bulk layer in thin films, to the best of our knowledge, no
previous work has substantively probed the temperature,
molecular-weight, and film-thickness dependence of the sizes
of the regions with modified mobilities as done in this work.

In summary, BDS and MD simulations have been combined
to probe dynamics in ultrathin PVAc polymer films in
comparison to their bulk counterpart. Evidence is presented
to show that while the mean structural relaxation times—and
hence the glass transition temperature—in the thin films
remain bulklike, altered dynamics arise in the vicinity of the
interfaces. New molecular processes, one faster than and the
other slower than structural relaxation of the bulk system, are
observed and, by combining BDS and computational results,
found to have VFT-like temperature dependence. The layer at
the polymer/air interface bears dynamics faster than the bulk
system, but their distribution strongly overlaps with that of the
bulk. Instructively, the main segmental relaxation that is
dominant away from the two interfaces has a similar
distribution of relaxation times as well as temperature

dependence to the bulk.
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1. Experimental and Simulation Details

1.1 Experimental. Poly(vinyl acetate) (PVAc) samples with molecular weight, My, equal to 110
kg/mol (PDI = 2, Polymer Source Inc.) and 157 kg/mol (PDI = 2.3, Scientific Polymer Products)
were used as received without any further purification. Chloroform (purity >99.8%, Sigma
Aldrich) was used as solvent to dissolve the polymers. The procedure used for film preparation is
published elsewhere.? Bearing in mind that the boiling point of chloroform is 335 K and that PVAc
degrades in vacuum at temperatures above 500 K,? the films were annealed at 400 K for 24 h in
an oil-free vacuum (10 mbar) in order to relax them and remove solvent. All films reported in
this work had a post-BDS measurement root mean square roughness less than 2 nm on a scan area
of 20 um?. For dielectric investigations, the sample capacitors containing thin films were
assembled using a nanostructured electrode arrangement (see schematic in Inset, Fig. 1b) where a
regular array of highly insulating silica nano-pillars (base area Sum x Sum, height ~70nm, and an
inter-pillar separation of 45um) serves as separation to ensure electrical isolation. Ultraflat (rms
roughness of 0.6 nm on a micrometric scale) and highly conductive (resistivity <5 mQ cm) silicon
wafers are used as electrodes. For detailed information on the use of this capacitor configuration
and cleaning procedures, the reader is referred previous publications by some of the current
authors®*”7. Bulk samples were measured using 20 mm stainless steel electrodes in a parallel-plate
configuration with 100 pm teflon spacers to maintain sample thickness. All dielectric
measurements were carried out on a high resolution Novocontrol Alpha Analyzer (frequency range
10" — 107 Hz) and the temperature control regulated by a QUATRO system (Novocontrol) using
a jet of dry nitrogen, thereby ensuring relative and absolute errors better than 0.1 and 2 K,
respectively.

1.2 MD Simulations. Molecular dynamics (MD) simulations were performed with the GROMACS
2018.3 package.® Atactic poly(vinyl acetate) was modeled with the atomistic OPLS-AA force-
field for hydrocarbons.!!! An atomistic model of amorphous silica was employed to simulate the
oxidized layer in contact with the films in BDS experiments. The nonbond parameters for silica
were taken from Berendsen et al.® and Ndoro et al.'?; the bonded parameters and initial structure
were adopted from Pandey and Doxastakis'®, and hydrogens added to the structure. The
simulations were performed with a 2 fs time step with semi-isotropic pressure coupling using the
Berendsen barostat'* and stochastic velocity rescaling thermostat!® with a time step of 1.0 ps and
0.1 ps, respectively. The box depth in the z dimension was kept constant to include vacuum on top
of PVAc. Non-bonded interactions were switched to zero at 1.3 nm and a reaction field was
employed for the coulombic interactions with the relative dielectric constant of &, = 3.8 (taken
from the average experimental dielectric constant of silica and poly(vinyl acetate) at room
temperature'? '°). The bulk with N = 10 monomers has a density of 1073 kg/m> at 400 K which is
in agreement with experimental value of 1107 kg/m®.!” PVAC films each contained 614 chains
with 10 repeat units (Mw = 0.86 kg/mol) and were simulated at temperatures of 560, 530, 500,
480, 460, 430 and 400 K at 1 bar. The films were each equilibrated for 200, 250, 300, 450, 450 ns
and 1.5 ps resulting in thin films with thickness ranging from 13.4 to 17 nm, as the temperature
decreases.

2 Mapesa, Shahidi et al. 2020



2. Typical dielectric spectra of bulk and ultrathin PVAc films

The normalized dielectric data for the series of 157 kg/mol polymer films is given below (Fig. S1)
to highlight the broadening of the distributions of relaxation times with decreasing film thickness.
A comparison of the experimental and simulations data is also given in Figure S3.
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FIGURE S1. Data measured at 330 K
showing the dielectric loss data as a

L
o function of frequency normalized
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o A 25nm T PVAc (Mw = 157 kg/mol) samples
I 1; :2 S ranging in size from bulk dimensions
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(thickness, ~100 pm) to thin films,
with thicknesses as indicated.
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2. Reorientation of Backbone Torsion

The backbone dihedral autocorrelation is compared with the monomer dipole autocorrelation in
Figure S2. Although the main component of the dipole is located in the sidechain, the re-orientation
of the backbone plays an important part in the segmental relaxation. The two measures of
segmental dynamics follow a similar trend. The dihedral autocorrelation probes larger segments
and 1s slower at longer times.
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3. Comparison: Raw experimental and simulations data
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4. Analysis of dielectric data of the ultrathin polymer films

The spectra for the thin films have more features arising from contributions of the thermally
oxidized silica layer on the Si wafers, the silica nano-spacers, the polymeric film, the gap between

the film layer and the spacers, and the wafers, with respective complex capacitances C,,C S*p, C;[- Im
’ Cgapa
arrangement of the constituent capacitors as

(C:otal)-l = Z(C‘:f)-l + (C;p,eff)-l + (Cg*ap)-1 + (C;ilm)-l + (C;)_l [Eq Sl]

sp.ef
the two of them being in parallel arrangement to each other with respect to the applied field.

and C:V. The total complex capacitance is therefore calculated by considering the serial

where # 1s the effective complex capacitance of the spacers and the free space between them,

The total complex dielectric function that describes the measured data is

D 2d ds dga dfitm | d
— = Sl + =g S 4 S0 TRQ.S2]
Etotal Ew (P5p55p+1_psp) Egap Efitm €o

where D is the distance between the two electrodes, pgp, is density of coverage of the nano-spacers,

dr is a thickness with the respective subscripts having meanings already introduced. The
thicknesses of the wafers, the nano-spacers, the oxide on the wafers and that of the thin films are

known, in addition to setting g; ap = 1, thus reducing the fit parameters. E;ilm is substituted with
three Havriliak-Negami functions. Suffice it to mention that because it is experimentally not
possible to determine the height of the gap, dgqp, it is treated as a fit parameter in the analysis,

which effectively means that we cannot accurately determine the relaxation strength of the
polymeric layer. Several other modifications of Eq. S2 to account for more complicated
experimental possibilities of this geometry have been considered — as comprehensively detailed in
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Tress et al.'® — and are found to deliver negligible changes to the shape parameters and position of

the a-peak obtained from the HN function of the polymeric layer.
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We turn our focus now to the effect of the polymer/silica and the polymer/free vacuum interfaces
on dynamics by systematically probing segmental motion in different layers throughout the film.
The layers are defined based on the center of mass distance of the monomers from the silica surface
and are each about 1 nm thick. The monomer dipole autocorrelation function (@gyer()) is
calculated for monomers that are in the layer at time t from the total monomer dipole moment to
improve the statistics. The average relaxation time for each layer (< 7,4y >) is calculated as <

Tiayer > = ) 000 Prayer(t)dt and presented in Figure S4 as a function of layer distance from the

silica interface at different temperatures. Based on the profile of the relaxation times throughout
the film, we define three main layers. Similar to the density profile (Fig. S8), the middle layer
away from the two interfaces has bulk-like dynamics. The bottom layer (near the substrate) has
much slower dynamics (more than 10 times slower than bulk); the thickness of this bottom layer
is ~4 nm and does not have a strong correlation with temperature. However, the contribution of
the bottom layer to overall film dynamics increases with decreasing temperature since the fraction
of monomers near the substrate increases with density. Finally, segmental relaxation is faster in
the top layer (close to the vacuum interface), and its thickness and mole fraction increase at low
temperatures. The relaxation time of the free segments near the vacuum approaches the bulk value
at high temperatures hence the decrease in top layer thickness as defined here. Notably, the
thickness of the layers as defined by dynamics is different from that determined from the density
profile.

S. Estimation of segmental dynamics from simulations

Segmental relaxation can be estimated as a superposition of Debye relaxations. The autocorrelation
function of bulk PVAc can be fitted with a Kohlrausch-Williams-Watts (KWW) function!® and
the film can be fitted as a sum of two stretched exponentials that represent the separate processes:
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Pk, fitm = Am €XP (‘ (é)ﬁm> + ag exp (— (T—i)ﬁs) ... [Eq. S3]

where 7 is the KWW relaxation time and [ describes the heterogeneity of the distribution of
relaxation times. The a parameter in equation represents the weight of each term in the
autocorrelation function. Using the KWW fits we extracted the average characteristic time (< T >)
for each process:
<7 >= g—r(ﬁi)r ... [Eq. S4]

1
where subscript i represents the main bulk-like process (m) or the slow process (s).

The sum of a,,, and a, in Eq. S3 is less than 1 since we do not fit the initial relaxation caused by
the fast-vibrational motions. The weight of the bulk-like relaxation, a,, is about 0.8 while the slow
process has a small contribution (ag = 0.15). The relaxation time of the first process (7, ) has a
similar value to bulk. As expected 7 increases at lower temperatures for both processes but follows
different temperature trends with 7 approaching 7, as the temperatures increase. The [
parameter is generally lower than (3, as the dynamics become more heterogeneous close to the
substrate. The bulk-like relaxation also become less heterogeneous at higher temperatures.

The complex dielectric permittivity, €, in the frequency domain is the Fourier transform of the
derivative of the dipole autocorrelation function
% =1—-iw fomd(g—it)exp(—iwt) dt ...[Eq. S5]

The calculated permittivity is normalized by the difference in permittivity at the infinite (£4,) and
zero (&) limit of frequency. The equivalent loss (") profile is calculated as given in Eq. S6 using

the distribution of relaxation times to directly compare the simulation results with BDS data.

C =y () == . [Eq. S6]

E00—EQ - 1+(wT)?

The measured and computed loss data for films is displayed at different temperatures in Figure S3.
The simulation results show excellent agreement with BDS data for bulk at 470 K (see inset, Fig.
S3). The simulation results in this figure underscore the fact that the slow relaxation, asiow, becomes
more prominent with decreasing temperature. Also, while ass does not show up in the simulation
data as a separate relaxation, there’s evidence of broadening of the spectra on the high-frequency
side, indicating the presence of new faster modes.

6. Molecular weight dependence of segmental dynamics

The segmental dynamics of PVAc oligomers depends on molecular weight until the density
plateaus (at about 11000) .2° Figure S5 displays the total monomer dipole autocorrelation for the
film and bulk at 560 K at two different chain lengths N=10 monomers (Mw = 860 g/mol, p =0.945
g/cm3) and N = 30 (Mw = 2582 g/mol, p = 0.975 g/cm?). Both systems show a similar trend in
dynamics with a bulk-like relaxation and a second slow at higher times. The dynamics in the N=30
system is slower due to the higher density and the difference between two modes in film is more
apparent. The average film relaxation time that is about 5 times larger than bulk for N = 30 and
1.6 time larger for N = 10.
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Figure S6 compares the single-chain dipole autocorrelation with monomer dipole autocorrelation
for chains with N = 10 monomers at 560 K. Probing the monomer dipole autocorrelation improves
the statistics and enables a more detailed analysis of dynamics throughout the film thickness. The
chain segmental relaxation is qualitatively similar to the monomer autocorrelation with an even
slower decay for the adsorbed segments when cross-correlations between monomers are accounted
for. The average relaxation time for chain dipole autocreation in film is 7.5 larger than bulk.
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7. Estimating the size of layers with modified mobility

T=350K O raw data
ilm thickness = 57 nm B corrected data

==
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. corrected data.
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The conductivity contribution (low frequency flank) and that due to limited conductivity of the
silicon electrodes (on the high-frequency side) were first subtracted from the measured dielectric
loss. The former contribution is estimated by a linear function (dashed line) while the latter is
described by a Debye-like function (dash-dotted line — which is the low-frequency wing of the said
Debye-like function). Three Havriliak Negami (HN) functions are required to fit the corrected
spectrum. These calculations were carried out on the data measured in a cooling run. Given that
the overall film thickness is known from AFM measurements, the layers corresponding to
processes (a), (b) and (c) in Figure S7 were assumed to be stacked together and estimated from the
corresponding value of Ae. For instance, for a film with overall thickness of D nm, the size of the
layer, d,, with slowed mobility is calculated as d, = D Ag,/(Ae, + Agy, + Ag.), where the
subscripts derive from the representation in Figure S7. To estimate the uncertainty inherent in the
obtained values of the layer sizes, this procedure was repeated for (some select) data measured in
a heating run. The deviation from the arithmetic mean of the two values of layer thickness at a
given temperature is taken as a representative measure of the error in our calculations. The error
bars in Figure 5 (main paper) represent this random uncertainty.

In Figure S8, normalized dielectric strength for the three layers is plotted against inverse
temperature. The values are normalized with respect to that found at the lowest accessed
temperature (330 K). Since Ag is used to estimate layer thickness, the consistent trend seen in
Figure S7 underscores the veracity of this approach.
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FIGURE $8. Dielectric relaxation strength for the three different layers (normalized with respect to the

value at 330 K) presented as a function of inverse temperature.

8. Layer thickness from density (computation)

Figure S9 shows the density profile for the PVAc film and bulk from MD simulations at 460 and
560 K. The density is displayed as a function of distance from the substrate. Each bin displays the
density for a layer normal to the z-direction with ~0.1 nm thickness. Accumulation of segments
near the attractive substrate results in a peak at the adsorbed layer?!* at ~0.7 nm. The effect of the
substrate on density is short-ranged and after ~1.6 nm the density decays to a plateau that matches
the bulk density. The drop in density from the bulk value at the top of the film marks the vacuum

interface.
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FIGURE $9. (a) Density profile of the film in the z-direction at 460 K (blue) and 560 K (red). The dashed
lines represent the bulk density. The dotted lines separate the vacuum interface from hyperbolic tangent
function fits. (b) shows a typical configuration of PVAc film on silica as employed in the simulation. Inset:
estimate of the size of the top layer from density calculations.

The density decays to zero at the vacuum interface at the top of the film. This drop was fitted with
the hyperbolic tangent function to determine the position of the interface (separated with dotted
lines in Fig. S9).

2(z—z,)

p(z) = %(1 — tanh (T)) ... [Eq. S7]

The width of the vacuum interface (equal to 26 from the above equation) gradually expands with
temperature as displayed in the inset of Fig. S9). The thickness of the absorbed layer as determined
by the position of the first peak shows little change with temperature.
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8. Layer thickness from dielectric relaxation strength (experimental)
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