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ABSTRACT: While there is significant attention aimed at understanding how one-
dimensional confinement and chain confirmations can impact the glass transition
temperature (Tg) of polymer films, there remains a limited focus on similar effects on
sub-Tg processes, notably, structural relaxation. Using spectroscopic ellipsometry, we
investigated the combined influence of confinement and molecular packing on T and
physical aging, i.e., the property changes that accompany structural relaxation, at select
film thicknesses and aging temperatures (T,). We used poly(methyl methacrylate)
(PMMA) films in the brush and spin-coated morphologies as model systems. We found
that whether a PMMA film exhibited a decrease or increase in physical aging rate with
confinement was dependent on the morphology. Notably, PMMA brushes exhibited
higher physical aging rates compared to similarly thick spin-coated films at all values of
T,. These intriguing findings reveal the strong effects of confinement and molecular
packing on the structural relaxation of polymer films. Results from this study have the
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potential to aid in the design of thin-film materials with controllable long-term glassy-state properties.

B INTRODUCTION

Below the glass transition temperature (T,), glassy materials
will gradually relax via molecular rearrangements toward
thermodynamic equilibrium in a process known as structural
relaxation.'~” The corresponding changes in properties due to
structural relaxation are referred to as physical aging, and an
understanding of this process is critically important to the
design of glassy materials for long-term use applications.®
Previous studies have reported reduced permeability,” "
decreased bending strength,13 increased elastic modulus,"*
and other temporally dependent material properties due to
structural relaxation.” With the advancement of nanotechnol-
ogy, it is imperative to gain a comprehensive understanding of
such material properties for glassy polymer films that are one-
dimensionally confined. Previous studies have shown that upon
confinement, polymer films can exhibit significant changes in
physical aging relative to their bulk analogues.®”'>'°
Specifically, thin poly(methyl methacrylate) (PMMA)’ and
poly(styrene) (PS)® spin-coated films exhibited reduced
physical aging rates, and in some instances, ultrathin PS
spin-coated films (10 nm) demonstrated a comglete absence of
physical aging when annealed below bulk Tg.1

In these physical aging studies,””'®'” the polymer films
were prepared via spin-coating, which enabled control of the
final film thickness through a balance of various processing
parameters (e.g, solution concentration, rotational speed,
etc.)."® Upon vitrification, the conformation of polymer chains
in spin-coated films has been shown to depend on the level of
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confinement.'” Additionally, solvent quality’® and prolonged
melt-state annealing”** can promote conformational changes
of the polymer chains in spin-coated films. In a previous study,
it was shown that extending the melt-state annealing time, and
consequently, increasing the thickness of the irreversibly
adsorbed layer, reduced T, deviations in thin spin-coated
films of poly(4-tert-butylstyrene).”’ This work showed that
polymer chain packing plays a significant role in material
properties, yet the correlation between physical aging and
chain packing in thin films remains unstudied. As such, the
following question arises: How do confinement effects and
molecular packing combine to influence the physical aging of
polymer films?

A polymer brush, which is a film of polymer chains
chemisorbed to a substrate through covalent bonding of a
single end group,” enables simultaneous control of molecular
packing and film thickness, representing a unique film
morphology that allows us to explore the above critical
question. On flat surfaces, which is the surface geometry of
interest in this work, the brush morphology is governed by the
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grafting density (o, chains/nm*), or the number of polymer
chains per unit of the substrate area, and the length, or
molecular weight, of the grafted polymers.”*~*® Notably,
polymer chain tethering in brushes can often lead to
morpholo_gies that are structurally different than spin-coated
films.**~>

There have been several studies that have focused on T,
measurements of polymer brushes and their key differences
compared to spin-coated films.”*~>**7*! In one study, Zuo et
al. systematically demonstrated how the confluence of
confinement and morphology impacted the T, of PS films,*”
reporting a T, that was 75 °C higher for a § nm PS brush in the
case of an ultradense grafting density (¢ = 1.23 chains/nm?)
relative to a similarly thick PS spin-coated film.”” In another
example, Yamamoto et al. reported that PMMA brushes (¢ ~
0.7 chains/nmz) exhibited Ts at least 8 °C higher than those
of PMMA spin-coated films regardless of thickness.”’ In
addition to studies on T, there has been work examining the
physical agin§ of assemblies of polymers grafted onto
nanoparticles.”””> However, these studies do not isolate the
effects of one-dimensional confinement and morphology on
physical aging. To our knowledge, there has not been a
thorough set of investigations on the physical aging of polymer
brushes in the thin-film geometry. Such a study would enable a
comparison of the physical aging responses between polymer
brushes and spin-coated films.

Here, we employ an approach using ellipsometry developed
by Baker et al,”* and previously used on diverse film
systems,”'>***° to measure the physical aging of PMMA
brushes and spin-coated films. We performed measurements as
a function of film thickness (h), physical aging temperature
(T,), and morphology (i.e., brushes and spin-coated films) to
isolate the effects of molecular packing and confinement on the
physical aging behavior of PMMA films. Our work shows that
film morphology does have a strong influence on structural
relaxation of polymer thin films. At quench depths below the
T, of the material, or T,(h) — T, the physical aging rate may
decrease or increase with confinement depending on the film
morphology. PMMA brushes can possess higher physical aging
rates compared to similarly thick spin-coated films, with the
highest aging rates for PMMA brushes at shallow quench
depths that are close to the T, of the material. Taken together,
our study may direct additional routes to tune and predict the
long-term behavior of thin films.

B EXPERIMENTAL SECTION

Materials. One-sided polished silicon wafers were used as
substrates for all experiments (UniversityWafer). Sulfuric acid
(H,SO,, 95.0—-98.0%), (3-aminopropyl)triethoxysilane
(APTES, > 98.0%), N,N,N’,N”,N"-pentamethyldiethylenetri-
amine (PMDETA, 99%), and methyl methacrylate (MMA,
containing <30 ppm MEHQ as inhibitor, 99%), and aluminum
oxide (activated, basic, Brockman I) were purchased from
Sigma-Aldrich. Hydrogen peroxide (H,0,, 30%, Certified
ACS), toluene (HPLC), acetone (Certified ACS), ethanol
(200 proof), dichloromethane (CH,Cl,, HPLC), tetrahydro-
furan (THF, HPLC), methanol (HPLC), triethylamine (TEA,
>99.5%), a-bromoisobutyryl bromide (BIBB, 97%), glacial
acetic acid (100%), and tetrabutylammonium fluoride (TBAF,
1 M in THF) were purchased from Fisher Scientific. Mirror-
finish copper sheets, which were used for PMMA brush
polymerization, were purchased from McMaster-Carr. PMMA
was purchased from Polymer Source (M, ranging from 171—

450 kg/mol, PDI < 2.1). Prior to use, PMDETA was filtered
through a 0.1 um polytetrafluoroethylene syringe filter. MMA
was passed through an alumina column to remove inhibitors
before the monomer was added to the polymerization reaction
solution. The materials and protocol to synthesize the
fluorescent probe 2pyrenebutyl methacrylate can be found in
a previous report.”” This fluorescent probe was used in the
current study to verify thoroughness of the washing protocol
for the PMMA brushes. All other chemicals and materials were
used as purchased unless otherwise noted.

Synthesis and Characterization of Initiator-Immobi-
lized Substrates. Silica wafers were immersed in a piranha
solution (3:1 H,S0,:H,0, v/v) for 2 h at 75 °C. Upon
removal, the wafers were sonicated three times in Milli-Q
water for 1 min each. Subsequently, the wafers were rinsed
with ethanol and dried with a nitrogen stream. The initiator
immobilization process was adapted from existing proce-
dures,”>*° and it is briefly described here. In the first step, the
piranha-treated wafers were submerged in a toluene solution
with APTES (0.04% v/v) for 24 h at room temperature to
produce aminated substrates. Following this reaction, the
aminated wafers were sonicated separately in toluene and then
acetone for 3 min each. The substrates were again rinsed with
ethanol and dried with a nitrogen stream. The dried substrates
were placed in a stirred solution of TEA and CH,Cl, that was
cooled for 10 min using an ice bath. Once cooled, BIBB was
injected into the solution, resulting in a final solution of BIBB/
TEA/CH,Cl, in a ratio of 1:1:20 v/v. After the solution was
cooled for another 30 min, the reaction proceeded at room
temperature for 15 h while stirring. Subsequently, the BIBB-
functionalized substrates were sonicated respectively in
CH,Cl, and then acetone for 3 min each to remove any
unreacted chemical species. Finally, the substrates were rinsed
with ethanol and dried with a nitrogen stream.

The successful attachment of the BIBB initiators was
confirmed through elemental composition characterization
using X-ray photoelectron spectroscopy (XPS, K-Alpha,
Thermo Fisher Scientific, Figure S1). Water droplets were
deposited on piranha-treated and BIBB-functionalized silica
substrates to perform contact angle measurements (Figure S2).
Contact angle measurements could not be taken on the
hydrophilic piranha-treated silica substrates because the water
droplets quickly spread upon contact with the surface. Water
contact angle measurements on BIBB-functionalized substrates
were performed three times across different locations on the
surface.

Synthesis and Characterization of PMMA Brushes.
PMMA brushes were grafted from BIBB-functionalized wafers
using zerovalent copper plate-mediated surface-initiated atom
transfer radical polymerization (Cu’-SI-ATRP) through
modifications of previously published procedures.””~* The
polymerization reaction solution consisted of deinhibited
MMA (1.54 M) and PMDETA (0.05 M) in water and
methanol (2:1 v/v). Before PMMA brush fabrication, the
mirror-finish copper plate was washed with 100 mL of acetic
acid and then thoroughly dried with a nitrogen stream. The
polymerization reaction solution (500 pL) was pipetted atop
the dried copper plate, and the BIBB-functionalized substrate
was immediately placed in contact with the reaction solution.
A 6 g/cm® weight was applied to the BIBB-functionalized
substrate for all polymerizations. In this setup, the polymer-
ization time indicates the time that the BIBB-functionalized
substrate was in contact with the reaction solution, which is
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used to control the final thickness of the PMMA brush.
Notably, this polymerization technique does not require
deoxygenation or heat to proceed. At the end of the
polymerization, the PMMA brush-modified substrates were
sequentially sonicated three times in fresh THF for 20 min
each time, or 1 h in total in THF, and afterward, the brushes
were sonicated two times in fresh acetone for 15 min each
time, or 30 min in total. This sonication procedure was
completed to ensure that unreacted monomer species and/or
unattached polymer chains were removed.

Thoroughness of the washing protocol was verified through
preparation of fluorescently labeled PMMA brushes by adding
pyrenebutyl methacrylate (3.05 mM) to the reaction solution
prior to brush polymerization. After each washing step of the
labeled PMMA brush, the supernatant was collected and
excited at 4 = 340 nm (6 nm slit width) on a
spectrofluorometer (Horiba Scientific Fluorolog-QM) to
collect the fluorescence spectra. These fluorescence measure-
ments were taken to ensure removal of residual monomeric or
polymeric species in the brushes. Following the fourth
sonication step, the fluorescence spectra of the supernatant
match the spectra of pure acetone (Figure S3), indicating that
four washing steps with sonication remove unattached/
unwanted species in the PMMA brushes. For thoroughness,
the PMMA brushes were subjected to a final wash with pure
acetone, totaling to five washing steps with sonication. After
sonication, the PMMA brushes were rinsed with ethanol and
dried with a nitrogen stream. Finally, the PMMA brushes were
placed in an oven heated to 115 °C under vacuum for
approximately 12 h. This temperature, which is below Ty, of
PMMA, was chosen to avoid any unintentional degrafting of
the polymer chains from the substrate.** Atomic force
microscopy (AFM, Bruker NanoMan) was performed on
PMMA brush samples at room temperature in tapping mode
(Bruker tips, spring constant, k = 40 N/m, resonant frequency,
fo = 300 kHz) to extract information on the homogeneity of
the film surface. The AFM scans were analyzed via Gwyddion.

Chemical Degrafting of PMMA Brushes. Controlled
chemical degrafting was completed by immersing the PMMA
brushes in a solution of TBAF (0.04 M) in THF, heated to S0
°C for 10 h, as previously reported in literature.”**>*° At the
end of the degrafting process, the reaction vessel was sonicated
for 10 min, and the reaction solution was pipetted into a
round-bottom flask. Subsequently, the substrates were placed
in 25 mL of clean THF and further sonicated for 10 min to
ensure complete removal of all polymer chains from the
substrates. The THF solution was then pipetted into the same
round-bottom flask. Finally, the THF in the round-bottom
flask was removed using a rotary evaporator until a viscous
solution was obtained. CH,Cl, and Milli-Q water (1:1 v/v)
were added to the viscous solution containing the polymer, and
the flask was vigorously shaken to remove aqueous impurities.
The organic phase was separated from the aqueous phase three
times, using fresh aqueous solution for each separation. After
evaporation of the organic phase (CH,CL), up to 1 mL of
fresh THF was pipetted onto the degrafted PMMA, and the
final solution was shaken. The molecular weight for the
polymers was characterized using size exclusion chromatog-
raphy (SEC).

Preparation of Spin-Coated PMMA Films. Prior to spin-
coating, silica wafers were immersed in a piranha solution (3:1
H,S0,:H,0, v/v) for 2 h at 75 °C. After piranha treatment,
the silica wafers were sonicated three times for 1 min each in

Milli-Q water. The wafers were then washed with ethanol and
thoroughly dried with a nitrogen stream. Subsequently, PMMA
was dissolved in toluene and spin-coated onto piranha-treated
silicon wafers. The spin-coated film thickness was controlled by
the PMMA concentration in the toluene and the speed of the
rotating stage.'” Upon completion, the PMMA spin-coated
films were placed in an oven heated to 115 °C under vacuum
for approximately 12 h, similar to the post-synthetic treatment
for the PMMA brushes.

PMMA Film Thickness Characterization. Thickness
measurements for all PMMA films were determined using
spectroscopic ellipsometry (M-2000, J.A. Woollam Co.) at an
angle of incidence of 70°. The D, lamp, which controls the UV
light source, was turned off for all ellipsometry measurements
to avoid potential degradation of PMMA. The collected data
were fit to a three-layer model, over a wavelength range of 1 =
400—1000 nm, consisting of a Cauchy top layer,

n(d) = A+ % + %, to determine the dry film thickness, or

h, of PMMA brushes and spin-coated films. The model has a
2.0 nm native silicon oxide middle layer and a silicon substrate
bottom layer.'>**

Swollen thickness measurements (hg,o.,) for PMMA
brushes were determined via in situ ellipsometry using a 500
uL horizontal liquid cell (J.A. Woollam Co.) following existing
protocols.””** THF was used as the swelling solvent for
PMMA brushes. The thickness measurements of each swollen
PMMA brush were collected until the rate of thickness change
decreased. As described in the literature,”” the THF optical
constants were initially fit with a Cauchy model using a non-
swelling calibration wafer of a known thickness, specifically a
25 nm silicon oxide layer on a silicon substrate. The optical
constants for THF were unchanged during the thickness fitting
of the swollen brushes, where the same three-layer model with
a Cauchy top layer was used to fit each swollen PMMA brush
thickness. The value of ., was taken as the average of
measurements in the regime where the rate of thickness change
decreased. Swelling ratios (hgyonen/h) were used to estimate
grafting densities (6) of PMMA brushes.*”**

To study the impact of high temperatures (above bulk T, of
PMMA) on the resulting brush structure, a PMMA brush
sample was clamped onto the heat stage (Linkam) attached to
the ellipsometer for a specified amount of time at 145 °C. At
the end of the desired heat cycle, the PMMA brush was soaked
for 10 min in fresh THF, rinsed with acetone and ethanol, and
dried with a nitrogen stream. Once dried, the final brush
thickness was measured to investigate the extent of degrafting
of the PMMA brush from the silica substrate as a result of the
heat (Figure S4), which was examined in a previous study for
PS brushes.** These experiments provided insight into the
thermal stability and the extent of polymer chain stretching of
the PMMA brushes.

Ty Measurements. T, data of both the PMMA brushes
and spin-coated films were obtained via ellipsometry. After
annealing above bulk T, to erase thermal history, T,
measurements were taken at least three times for each sample
upon cooling at a rate of 2 °C/min. For each sample of
interest, the film thickness data were plotted as a function of
temperature to determine T, In this plot, the glassy and
rubbery regimes were each fitted linearly, wherein the T, was
defined as the value corresponding to the intersection of the
two lines.”"*’ In this work, T,y(h) represents the T, of a sample
as a function of film thickness, h.
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Figure 1. (a) Cu’-SI-ATRP experimental setup with the polymerization shown by reaction (i) and the formation of the catalytic species shown by
reaction (ii) in the dashed box (legend of reaction components to the left). (b) Dry PMMA brush thickness as a function of polymerization time
using Cu’-SI-ATRP. Dashed line indicates linear fit of data from 7 to 48 min. Thickness measurements were taken at least three times at different
locations across brush films and averaged. Vertical error bars less than 2 nm were not shown to avoid obscuring data points.

Physical Aging Measurements. Physical aging for both
PMMA brushes and spin-coated films was investi§ated via
ellipsometry following well-established protocols.”" > Prior to
data collection, the PMMA film was allowed to thermally
equilibrate for 10 min at the desired T, on the Linkam heat
stage attached to the ellipsometer, and the sample was then
aligned on the ellipsometer at T,. Sample alignment on the
ellipsometer was completed before each aging run. After
alignment, the films were annealed at a temperature of Tg(h) +
25 °C and then cooled at a rate of S0 °C/min to the selected
T,. The cooling rate was kept constant across all aging runs
since it is known that the cooling rate impacts the physical
aging rate.”® At T, thickness measurements were collected for
each sample as a function of aging time, with 1 data point
collected approximately every 2.4 s for at least 360 min (raw
and processed data are shown in Figure SS).

The starting point of the physical aging data analysis was
chosen to be at an aging time of 10 min to ensure the sample
reached thermal equilibrium at T,. All film thicknesses were
normalized by the initial thickness (h,) at this starting point of
10 min, and the subsequent data were averaged over intervals
of 10 min. A plot of the normalized film thickness (h/h,) as a
function of logarithmic aging time can feature an induction
period followed by a steady, linear decrease.”"> As described in

detail by Baker et al.,** the physical aging rate () can be taken
as the value of the slope of the data, or f = —ho_dtlzg L in the
linear regime. In our work, we fit the data incrementally to
identify the linear region on a logarithmic time scale, starting at
an initial point of 10 min until the maximum time of at least
360 min. Subsequently, the data range was contracted toward
the linear region by incrementally increasing the value of the
initial point of 10 min. The data range that resulted in the
linear fit with the maximum R value was selected as the best fit
for the aging rate calculation. Notably, data ranges with less
than 100 data points (i.e., at the tail end of the linear region)
were not included to avoid overtrimming the data set and
overoptimistic R” values. All fitting was performed in MATLAB
software (version R2020a). The average dry thicknesses of
PMMA films selected for physical aging experiments are 31 +
2 and 110 + 3 nm for brushes and 30 + 2 and 111 + 1 nm for
spin-coated films. If rounded to the nearest tenth, the average
film thicknesses in this work are between ~30 and ~110 nm.
Depending on the comparison made in this study, the films are
sometimes referred to by this approximation for clarity (e.g,

12002

~110 nm PMMA brush and spin-coated films refer to two
morphologically different films that are similarly thick). At film
thicknesses of ~30 nm in our study, where no induction period
was observed, the entire data set starting at 10 min was fit by
linear regression on a logarithmic time scale at all T, for both
brush and spin-coated films. To maintain reproducibility, we
did not perform physical aging measurements for films less
than ~30 nm due to unreliability in the data at these low
thicknesses, which has been previously observed® and revealed
in our studies as well.

B RESULTS AND DISCUSSION

Synthetic Control and Characterization of PMMA
Brushes. There have been several modifications of traditional
ATRP for growing polymer brushes, which rely on oxygen
scavenger mediation by chemical, light, or a metal
plate.*>***'=5* The experimental setup of Cu’-SI-ATRP, an
example of metal plate-mediated ATRP that was used to
synthesize PMMA brushes in this work, is shown in Figure 1a,
where the polymerization (reaction (i)) proceeds in the liquid
layer between the BIBB-functionalized substrate and the Cu’
plate. Previous studies have described a similar experimental
setup, in which the distance d between the BIBB-functionalized
substrate and the Cu® plate was estimated to be ~10 ym.*”**
Irreversible termination of the propagating chains can also
occur in this reaction. The Cu® plate acts to rapidly consume
the oxygen present, forming a metallic oxide layer where
copper species can diffuse.”®”*' 7*°33% Reaction (ii) in
Figure la describes the reaction between the diffused copper
species from the metallic oxide layer and the ligand to form
activators (Cu'/L) and deactivators (Cu/L) that initiate
reaction (i) upon contact with the BIBB-functionalized
substrate.

Figure 1b shows a reasonably linear dependency (R* =
0.982) of the PMMA brush thickness with reaction time. Cu’-
SI-ATRP allows access to a range of brush thicknesses that are
homogeneous across the film surface (Figure S6), as measured
by ellipsometry and AFM. Considering the initial point (0, 0),
we note a slightly higher brush growth rate at earlier times (<7
min) than expected in Figure 1b, similar to trends reported in
prior studies that used confined polymerization techni-
ques.””® This subtle change in brush growth rate can
potentially be attributed to changes in copper dissolution
from the metal plate over time,”” but a thorough investigation
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¢ = 118.1 °C, as indicated by the dashed

line). The thickness is normalized to that at 120 °C for each film morphology, and the data for the PMMA spin-coated film are shifted upward by
0.01 for clarity. (b) PMMA brushes in this study (filled circles) have similar T, across all h. PMMA spin-coated films (unﬁlled circles) investigated

in this work are also shown (h =33 + 1 nm, M, =171kg/mol; h=59 + 1 nm,

nm, M, = 450 kg/mol; h = 111 + 1 nm, M, = 450 kg/mol).

=334 kg/mol; h = 69 + 4 nm, M, = 334 kg/mol; h=92 + 1

of the polymerization reaction kinetics is beyond the scope of
this work.

Swollen PMMA brush thicknesses were determined via in
situ ellipsometry and used to measure the grafting density, or
o, of the materials, following previously reported protocols
using either ellipsometry or AFM.3774858 In brief, the

. EYED/ .
equations ¢ = /M—A and M, = N * m, describe the

n

relationship between brush parameters, where p is the density
of bulk polymer (1.18 g/cm® for PMMA at 20 °C),** h is the
dry brush thickness, N, is Avogadro’s number, M, is the
number-average molecular weight, N is the degree of

polymerization, and m, is the monomer molecular Weight 47
The value of N depends on h and h LO74 % b

swollen* N= hli/\;mne“ ®
With this approach, it was determined that the PMMA brushes
in this study have a 6 ~ 0.15 chains/nm?, which is the average
o across three brushes with h = 34, 55, and 105 nm. At this o,
the PMMA brushes are suggested to be moderately dense.”” In
contrast, PMMA brushes with ¢ > 0.4 chains/nm? are
considered to be highly dense,” meaning the PMMA brushes
in this work are not approaching a highly dense grafting
regime. We varied the M, of the PMMA used to prepare spin-
coated films (171—450 kg/mol) to approximately match that
of the brush with an equivalent thickness based on these
swelling experiments.

SEC was also performed on three different degrafted PMMA
brush films with & = 34, 52, 101 nm using TBAF as the
chemical agent to cleave the polymer chains from the
substrates (Figure S7). There were challenges in degrafting
thinner films, specifically at & = 34 and 52 nm, and the SEC
curves were quite broad for these brushes. For the thickest
PMMA brushes (h = 101 nm) that were degrafted, the sample
displayed a sharper SEC curve (Figure S7) with M, = 310 kg/
mol and a polydispersity of 1.95. The o of the PMMA brushes
based on the M, from SEC is ~0.23 chains/nm? meaning the
brushes can still be classified as moderately dense since o < 0.4
chains/nm*>” Thermal degrafting of a 68 nm PMMA brush
(Figure S4) suggests that the polymer chains are not highly
stretched, as there are minimal thickness changes after
exposure to a high temperature of 145 °C for 2 h.** This

12003

finding further supports the calculated o of the PMMA brushes
synthesized in this work.

T4 of PMMA Brushes and Spin-Coated Films. Figure 2a
shows representative ellipsometry data and the approach used
to determine T, for a brush and spin-coated film. For the
PMMA brushes investigated in this work, the Tgs were 122.0,
120.8, 120.9, 121.4, and 122.5 °C for brush thicknesses of h =
32+ 1,54+ 3,64+ 1,98 +2,and 109 + 4 nm, respectively
(Figure 2b). Since the greatest difference in T, for the PMMA
brushes was ~2 °C, the trend suggests minimal T, changes
across brushes for the thickness range and ¢ used in this study.
While /i does not influence T, of PMMA brushes with 6 ~ 0.15
chains/nm?, the T, of a brush was higher than that of the
equivalently thick spln -coated film across all h (Figure 2b).
This observation is consistent with earlier 1nves.t1gat10nsgO %% on
PMMA brushes with 0.6 < 6 < 0.7 chains/nm> In a separate
report, Zuo et al. demonstrated that a 48 nm PMMA brush (o
= 0.77 chains/nm?) had a T, that was 6 K higher than that of
bulk PMMA.*® This 1ncrease in T, of PMMA brushes upon
confinement could be attrlbuted to the higher ¢ of the
materials in their work.”® The higher T, of PMMA brushes
compared to spin-coated films has been suggested to arise from
the restricted molecular mobility caused by the covalent
attachment of chains to the substrate and extension of polymer
chains perpendicular to the surface.”**%%

Physical Aging Profiles of PMMA Brushes and Spin-
Coated Films. The physical aging curves collected via
ellipsometry at T, = Tg(h) — 60 °C are shown in Figure 3
for ~110 nm thick PMMA brush and spin-coated films.
Physical aging curves can be characterized by an induction
period at short times, a linear regime at intermediate times, and
an equilibrium plateau region at long times on a logarithmic
time scale.” For both brush and spin-coated films, we observed
an induction period for ~110 nm thick films at specific T,. All
PMMA films exhibited a linear regime during aging, where the
physical aging rate, or f§, corresponds to the absolute value of
the slope in this linear region. Examples of linear fits to
determine f are also shown in Figure 3 for ~110 nm thick
PMMA brush and spin-coated films. We note that Figures S8
and S9 have additional physical aging curves for ~110 nm
thick PMMA films aged at several different quench depths.
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Figure 3. Physical aging curves at T, = Tg(h) — 60 °C for a
moderately dense PMMA brush (bottom arrow, = 4.6 X 107, h =
107 nm) and a PMMA spin-coated film (upper arrow, # = 4.1 X 1074,
h = 112 nm). Dashed lines through each data set indicates the linear
region determined from the fitting procedure used in this study for
~110 nm thick PMMA films, where the absolute value of the slope
from the fit corresponds to /.

We performed a similar analysis of the physical aging curves
for ~30 nm thick PMMA brushes and spin-coated films
(Figure S10). The physical aging curves did not exhibit an
induction period for both ~30 nm thick brush and spin-coated
films. As such, f values were determined via fits to the entire
physical aging data sets for ~30 nm thick films. The visible
absence of an induction period aligns with previous work by
Thees and Roth on PS spin-coated films."”

Comparison of Physical Aging Rates in PMMA Brush
and Spin-Coated Films. The /3 values of ~30 and ~110 nm
thick PMMA brush and spin-coated films depend on T,
(Figure 4). Irrespective of film morphology and thickness, all
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Figure 4. Physical aging rates (/) of the PMMA films investigated in
this work as a function of Tg(h) — T,. The line through each data set
is provided to enhance visual clarity.

samples displayed a peak in 3 as a function of Ty(h) — T, i,
at a specific quench depth below the T, of the film at thickness,
h. The peak in /3 is material dependent,””®" and it is attributed
to the interplay between the thermodynamic driving force that
enhances physical aging at lower temperatures and molecular
mobility that accelerates physical aging at higher temper-
atures.””®" The majority of PMMA films in this work exhibit a
peak in 3 at a quench depth of approximately T,(h) — T, = 40
°C. However, for ~30 nm thick PMMA brushes, there is a
slightly shifted peak in f closer to the T, of the material, at
approximately T,(h) — T, = 20 °C. This slight shift suggests
that the altered chain packing in the ~30 nm thick PMMA
brushes affects the balance between the thermodynamic

driving force toward equilibrium and molecular mobility,
ultimately impacting physical aging behavior.**

The ~30 nm thick PMMA brushes have higher § values in
comparison to those of ~110 nm thick PMMA brushes at
nearly all values of T,(h) — T, with the exception of T,(h) —
T, = 40 °C—where the ~110 nm thick PMMA brushes exhibit
a maximum in . For spin-coated films, however, film
confinement results in a decrease in f values across all quench
depths, with the largest effects observed away from the peak
temperature of . These trends demonstrate that the role of
confinement on the physical aging response of PMMA
depends on film morphology.

Here, the striking difference between brushes and spin-
coated films may be attributed to the type of polymer—
substrate interactions present in each system. In similar studies
on PMMA spin-coated films, Priestley et al. suggested that
hydrogen bonding between the ester groups on PMMA and
hydroxyl groups on the silica substrate suppresses molecular
motion associated with structural relaxation.”'” The attractive
polymer—substrate interactions in PMMA films supported on
silica have also been shown to reduce the c?rnamics of the
material in AFM nanohole relaxation studies.”’ In a separate
study, these attractive interactions also suppressed the mobility
of thin PS films that were floated on top of the PMMA film.**
As the thickness of the PMMA spin-coated film is reduced in
our work, a larger fraction of the PMMA interacts with the
substrate interface relative to the bulk. This fractional increase
could result in slower overall physical aging rates due to
reduced chain mobility at the interface. At a quench depth of
Tg(h) — T, = 80 °C, ~30 nm thick PMMA spin-coated films
exhibit the lowest B, or f = 1.4 X 107% across all
measurements. The reduced thermal energy at this low
temperature could potentially facilitate a greater amount of
hydrogen bond formation between the PMMA and silica
substrate.

Using similar arguments, PMMA brushes may have a
reduced tendency to form hydrogen bonds with the substrate,
which could lead to different aging behavior compared to that
of the spin-coated analogue. In the brush morphology, each
polymer chain has one anchoring point and then extends
perpendicularly to the substrate. This extension is particularly
notable for brush systems with ¢ values high enough such that
the distance between grafted chain ends becomes commensu-
rate to that in size of a degrafted polymer coil, resulting in the
chains stretching away from the substrate surface to minimize
crowding.®> Within the proposed experimental system, it is
plausible that the extended brush morphology lessens the
extent of hydrogen bonding between PMMA and silica
compared to spin-coated films due to fewer interaction sites
between PMMA side groups and the silica surface. Addition-
ally, it is important to note that the brush synthesis requires
substrate modification with BIBB polymerization initiators,
which decreases substrate hydrophilicity and overall hydrogen
bonding potential (Figure S2). The reduced hydrogen bonding
between PMMA and the substrate due to changes in surface
chemistry, along with the extended polymer brush structure,
supports the experimental observations of enhanced physical
aging rates for ~30 nm thick PMMA brushes.

In addition to thickness comparisons within each film
morphology, our work enables morphological comparisons
across films of similar thicknesses. Specifically, ~ 110 nm thick
PMMA brushes exhibit slightly higher f across all quench
depths in comparison to those of ~110 nm thick spin-coated
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films, with the largest difference observed at Ty(h) — T, = 2
°C. When PMMA film thickness is reduced, the difference in
is even more pronounced between the brush and spin-coated
films. Notably, ~30 nm thick PMMA brushes age 2.3 and 2.4
times faster than ~30 nm thick PMMA spin-coated films at
Ty(h) — T, = 2 °C and Ty(h) — T, = 80 °C, respectively.
These findings highlight the important role of molecular
packing on the physical aging response of polymer films in a
given state of geometric confinement. Morphological compar-
isons of similarly thin films serve to further highlight the
important role of polymer—substrate interactions within each
system.

In addition to the type of interfacial interactions, the
resulting structure of PMMA films in the brush morphology
could impact the subsequent physical aging response.
Previously, it was observed that lower molecular weight
PMMA had higher S values compared to those of higher
molecular weight PMMA at shallow quench depths, or closer
to T, of the material.”> This trend was correlated to a larger
amount of fractional free volume present in the glassy state of
the lower molecular weight PMMA.®> While the M, between
similarly thick PMMA brushes and spin-coated films was kept
approximately the same in this work, the polymer chain
tethering and chain extension could impact polymer chain
conformations and potentially affect the amount of fractional
free volume present in PMMA brush systems. Consistent with
this argument, we find that ~30 and ~110 nm thick PMMA
brushes exhibit higher B values at shallow quench depths
compared to those of their spin-coated counterparts.

Future studies are needed to better understand the
mechanistic influence of morphology on the physical aging
of polymer films. Previous reports have discussed the impact of
structure on the extent of polymer-interface perturbations into
the polymer film interior.””*"% Additionally, it has been
shown that the brush morphology at high ¢ values can
promote local disorder within polymer chains in thin films.®”
There are several inherent differences between PMMA brushes
and spin-coated films (i.e, extent of polymer—substrate
interactions, chain packing, etc.). While the T, for both thin-
film morphologies do not significantly change with & in this
study (Figure 2b), physical aging is impacted to a greater
length scale for both brush and spin-coated films, which has
been discussed in a prior study for a different system and
consistent with our findings.”®

B CONCLUSIONS

We have investigated the combined influence of confinement
and morphology on the physical aging response of PMMA
films. Previous studies have focused on the Ts of polymer
brush and spin-coated films and separately, the physical aging
response of polymer spin-coated films. Our work builds on
these studies by investigating both T, and physical aging,
accessed via ellipsometry, on PMMA brushes and spin-coated
films at selected thicknesses and quench depths below the T,.
We show that within each PMMA film morphology, confine-
ment down to ~30 nm can lead to different physical aging
responses, specifically enhanced or reduced aging rates for
brushes and spin-coated films compared to their ~110 nm
analogues, respectively. Across each morphology, the greatest
difference in physical aging rates is observed for ~30 nm
PMMA films. Our work provides insight into the potential
impact of polymer—substrate interactions and polymer film
structure on the physical aging of thin films. Future work will

explore the effects of confinement and morphology on the
material properties in films of other polymer chemistries.
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