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ABSTRACT: Dielectric spectroscopy (DS) and differential scanning calorimetry (DSC) were employed to study the effect of
changes in the surface conditions on the segmental dynamics of poly(phenylmethylsiloxane) confined in alumina nanopores (AAO).
The inner surface of the pores was modified by using the atomic layer deposition technique. Coated membranes include 5 nm thick
layers of hafnium oxide, titanium oxide, and silicon oxide, exhibiting different wetting properties. Modification of the surface
conditions dramatically affects the interfacial interactions between the polymer and confining surface. The interfacial energy
calculations indicate a decrease of γSL value from 18.7 mN/m in SiO2-coated to 0.5 mN/m in HfO2-coated nanopores. The results of
the dielectric relaxation study demonstrate that the segmental relaxation time of confined PMPS 2.5k depends on the thermal
treatment protocol and the hydrophilic/hydrophobic character of the pore walls. From calorimetric measurements, we found that
the two glass transitions events are still observed, even in the absence of strong interfacial interactions. Values of both Tgs do not
depend strongly on the chemical nature of the surface. In this way, changes in the glass-transition behavior of the tested polymer
confined in ALD-coated nanopores cannot be rationalized in terms of the polymer/substrate interfacial energy. Eliminating strongly
adhered surfaces does not eliminate the puzzling two-Tgs effect seen in cylindrical nanopores.

■ INTRODUCTION

In nanotechnology, it is essential to understand the changes
that take place with the polymer materials under geometrical
confinement. Modification of the polymer’s physical and
chemical properties at the nanoscale level results in them
being successfully used in numerous fields of modern
technology.1−7 Apart from that it, has been demonstrated
that nanoconfinement has an enormous impact on the glass
transition dynamics.8,9

The glass transition dynamics of the polymer materials
subjected to nanometric confinement isin many cases
notably different from the bulk. It has been recognized that this
behavior depends on several factors, which include the finite
size effect, interfacial interactions,10 conformational
changes,11−14 free volume,15,16 negative pressure effects,17,18

and surface properties (including the impact of the rough-
ness,19 silanization,20 or polarity21). Thus, lowering the pore

diameter or modifying the surface interactions typically
changes the glass transition temperature value.22−29 In
addition, the thermal history of the sample also influences
the glass transition dynamics.30−33 For example, it can broaden
the shape of the segmental relaxation and decrease its dielectric
strength.8,34,35 Apart from that, the properties of the confined
material can change due to interactions with the constraining
environment.8,35−38

Another important aspect of polymer dynamics in confined
space is the nonequilibrium effect. The literature data indicate
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that soft matter under nanoconfinement can remain in this
state for a very long time.39 On the other hand, it was also
observed that the long-time annealing experiment could
remove the confinement effect, and the polymer dynamics
can recover some of its bulk features.20,30,39−42 For example, in
thin polymer films, prolonged annealing slows down the
dynamics42 and affects the conformation of the polymer chains
placed near the substrate due to irreversible adsorp-
tion.10,16,40,41,43−45 The out-of-equilibrium behavior is also
seen for glass-forming materials confined in nanopores (2D
confinement).11,30−33 Numerous studies indicate that upon
annealing the polymer chain packing density changes, slowing
down the segmental dynamics; therefore, the confined material
can recoverat least partiallyits bulk properties.30,33

However, the enormous impact on the glass transition
dynamics in the confined state is also due to the surface
interactions.9,20,28,46−51 In short, the outcome polymer
dynamics in nanoscale confinement is considered as the
outcome of the balance between finite size and surface
effects.8,52−54

The surface effect arises from the interactions between guest
molecules and the hard-confining walls of the nanopores.
Generally, this effect in native nanopores, which has a
hydrophilic profile, leads to a two-layer scenario. We
differentiate the interfacial layer, where the molecular mobility
closer to the pore walls is slowed down,55 and the core fraction
of the molecules with enhanced mobility.8,56−58 The primary
mechanism of the interactions between the sample and the
pore walls is hydrogen bonding, which can be removed by the
chemical substitution of the hydroxyl groups anchored to the
surface via the silanization process. Previous investigations
show that the glass transition temperature49 and the hydro-
philic character of the inner pore walls9,49,50,59,60 change when
replacing the hydroxyl groups at the surface by using various
silane agents.49 Furthermore, the formation of the core−shell
structure in surface-modified nanopores seems to depend on
the cooling rate.46 Some previous reports suggest that
silanization can partially or entirely eliminate the enhanced
glass transition dynamics under confinement.60−64 On the
other hand, decreasing the pore diameter makes this effect
more noticeable.61,63

Changes in the glass transition dynamics caused by
silanization depend on the silane agent. Some silane agents
are more effective in creating homogeneous hydrophobic
surfaces on alumina surfaces than others. This, in turn, might
have a significant impact on the temperature evolution of the
segmental relaxation time. These findings were discussed in
our previous work, where we used alumina membranes coated
with chlorotrimethylsilane (ClTMS) and (3-aminopropyl)-
trimethoxysilane (APTMOS).20 As a matter of fact, more
precise control over surface conditions is when using a
phosphonic acid functionalization. This strategy can involve,
for example, the separation of highly polar phosphoric units by
a controlled number of nonpolar spacers. Interestingly, our
data indicate that in such a case precise control over surface
polarity might prevent the formation of the interlayer between
the adsorbed layer and core volume observed in native alumina
nanopores.21

Apart from that, atomic layer deposition might shed new
light on the role of surface conditions in determining the glass
transition dynamics in nanopore confinement. ALD is a
modern thin film growth technique that allows controlling pore
wall composition and the pore diameter.65,66 ALD coating of

AAO nanopores provides a compositionally uniform surface
and modifies the hydroxyl groups present on the surface. More
specifically, Al2O3 layers remove isolated hydroxyl groups and
keep only hydrogen-bonded hydroxyl groups. Therefore, ALD
alumina coatings are free of defects.67 Chat et al. have shown
that for the molecular liquid dimethyl phthalate, confined in
alumina nanopores with different ALD coatings, changes in the
hydrophilicity/hydrophobicity of the surface do not affect
significantly the molecular dynamics and the value of glass
transition temperatures for both interfacial and core layers as
compared to the native nanopores.68 On the other hand,
modification of the hydrophilic−hydrophobic character of the
pores can be used to control the crystallization tendency. In
contrast, for the strongly polar molecular liquid S-Methoxy-PC,
confined within alumina nanopores with a hafnium oxide
coating, it has been demonstrated that the molecular
movements slow down.69 In both cases, it was observed that
when the surface was more hydrophobic, the α-relaxation peak
broadened.
In this work, we report the effect of changes in the surface

condition on the glass transition dynamics of poly(phenyl-
methylsiloxane) (PMPS) confined within cylindrical ALD-
coated alumina nanopores. For this purpose, we have
performed dielectric spectroscopy and differential scanning
calorimetry. We chose a 5 nm thick oxide coating of hafnium
oxide (HfO2), titanium oxide (TiO2), and silicon oxide (SiO2).
They show different surface properties, from hydrophobic to
more hydrophilic. Furthermore, they are suitable components
for nanotechnology applications. PMPS was chosen for this
study because even a minimal frustration in the packing density
significantly affects its glass transition dynamics in confined
space. In line with the previous study results,20,21 we show that
changes in the surface character do not erase the confinement
effect. Therefore, two glass-transition events are still detected
in DSC thermograms. This is an astonishing finding, especially
by taking into account the exceptionally low value of the
interfacial energy between PMPS and HfO2 (γSL ∼ 0.5 mN/
m). In turn, the analysis of Raman spectra (shown in the
Supporting Information) suggests that the observed structural
modifications within PMPS 2.5k chain come primarily from
the confinement effect. Changes in the surface condition result
only in the higher structural modifications within siloxane- and
aromatic-related bands. There are no other noticeable
differences. The results of this study, together with the
previous one, keep the question open on whether the presence
of two glass transition events seen in cylindrical nanopores is
indeed related to the interactions of the confined sample with
the rigid walls or some other phenomena taking place close to
the surface.
What this study brings new, compared to the previous work,

is also that the inner surface of the pores is modified by the
chemical deposition of (hard) inorganic layers onto it. In
contrast, the typical modification of the nanopore surface
conditions involves silanization (soft-organic coatings). It
should also be highlighted that the methodology of the
present work assumes keeping the same tested polymer,
cylindrical pore geometry, and its size. This idea has a more in-
depth meaning because the only variable parameter is the
surface properties of nanoporous material, while typically,
different glass-forming materials are embedded within the
native nanoporous alumina templates. As will be demonstrated
in the further part of this paper, this has allowed us to evaluate
changes in the polymer/substrate interfacial energy and its role
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in determining segmental dynamics in confined space from a
completely different point of view. Apart from that, the results
show that the ALD technique is a very effective strategy to
tune the polymer−substrate interactions in confined space in
an extensive range. By knowing how the polymer material
behaves in the presence of various surface coatings, either
organic or inorganic, we can facilitate our knowledge on
nanoscale phenomena to modulate different properties of soft
matter systems and further development.

■ EXPERIMENTAL SECTION
Materials. Poly(phenylmethylsiloxane), labeled in the text as

PMPS 2.5k, was purchased from Polymer Source Inc. (Canada). The
molecular weight of the tested material is Mn = 1800, and its
polydispersity index (PDI) = 1.4. The chemical structure of PMPS
can be found in Figure 1. The number of monomer subunits does not

exceed 20, so it can also be considered more formally as an oligomer.
The sample was provided as a clear, viscous, transparent liquid and
used without further purification. Usually, Tg determined from
dielectric relaxation studies is defined as a temperature at which
segmental relaxation time τα = 100 s. However, to be consistent with
the previous literature data, we have defined the glass transition
temperature of PMPS by using τα = 1 s. The value of Tg determined
from the dielectric measurements (DS) of bulk PMPS 2.5k is Tg =
230 K.20,70 In turn, based on differential scanning calorimetry (DSC)
data, the reported value of Tg = 230.3 K.20,70 As typically observed for
polymer materials, the value of glass transition temperature for PMPS
increases with the molecular weight.71−75 Alexandris et al. studied
PMPS with Mn = 2200 and PDI 1.28 and found Tg = 229 K (DS) and
Tg = 228 K (DSC),75 which are in good agreement with our results.
AAO Nanopores with ALD Coatings. We have used anodized

aluminum oxide (AAO) membranes with different ALD coatings
(pore diameter of 25, 50, and 100 nm, pore depth 50 μm) that were
fabricated by Inredox (USA). The membranes are composed of
uniform arrays of unidirectional and non-cross-linking nanopores.
More details about the ALD technology applied to AAO nanopores
can be found on the supplier’s website. The diameter of alumina
membranes with different ALD coatings is 10 mm, and its thickness is
50 μm. We have used membranes with 5 nm thick layers of the
following oxides: HfO2, SiO2, and TiO2. In this way, the actual pore
diameter should be reduced from 25, 50, and 100 nm to respectively
15, 40, and 90 nm. The declared porosity of nanopores used in this
study varies within 20−24% and the pore density 109−1010 cm−2.
Independently, we have performed N2 adsorption/desportion analysis
to confirm the quality of supplied membranes. SEM images were also
taken to identify the surface morphology. These results can be found
in the Supporting Information.
Before infiltration, the membranes were dried at 353 K in a vacuum

oven for 8 h to remove all volatile impurities from the nanochannels.
We have not increased above this temperature because HfO2 might
convert to another crystalline phase at high temperatures, while TiO2
is not stable upon prolonged annealing at temperatures close to 500
°C.67 Before and after infiltration, all the membranes were weighted.
Then, the PMPS 2.5k were placed on the top of the AAO membranes,

and the entire system was kept at T = 308 K under vacuum for 2
weeks. This allows the capillary flow. The filling was completed when
the mass of the membrane ceased to increase. In the end, the
membranes were dried by using delicate dust-free tissues. The degree
of membrane filling was estimated by using two approaches that
employ either membrane porosity or pore density. The details can be
found in the Supporting Information. Typically, the polymer mass
inside 50 nm AAO nanopores with various ALD coatings varies from
0.7 mg (for HfO2 and TiO2 layers) to 1.1 mg (for SiO2 layers). Thus,
the determined percentage of filling was more than 90%.

Methods. Contact Angle Goniometry. The sessile drop technique
using a JC2000D contact angle tester under ambient humidity and
temperature was employed to measure the contact angle. Ultrapure
water, formamide, DMSO, ethylene glycol, and glycerol were used as
tests liquids. The contact angle was measured immediately after
dropping and next with the interval of 5 s to check the evolution of
CA. We did not observe any significant changes; thus, the first
measurement was taken under consideration. We have used 5 μL of
solvent in each drop. The average value was obtained as the average of
several independent measurements.

Dielectric Spectroscopy (DS). Dielectric spectroscopy measure-
ments for bulk and nanopore-confined PMPS were made with a
Novocontrol Alpha frequency analyzer. For the bulk sample, we use a
standard plate−plate electrode of 20 mm in diameter separated by a
50 μm Teflon spacer. A Teflon spacer was used to maintain fixed gap
between the electrodes. The ALD-coated alumina membranes filled
with the investigated polymer were placed between two round
stainless steel electrodes with a diameter of 10 mm. Bulk and alumina
membranes with ALD coatings were measured as a function of
temperature in the frequency range from 10−2 to 106 Hz. The Quatro
system controls the temperature with stability better than 0.1 K. The
complex dielectric permittivity ε* = ε′ − iε″, where ε′ is the real and
ε″ is the imaginary part, was recorded on (i) slow cooling with a rate
of 0.2 K/min from 293 to 219 K and (ii) slow heating from 219 to
293 K with ∼0.2 K/min after quenching (∼10−13 K/min) in the
glassy state. We use two different thermal protocols to verify the effect
of thermal protocol on the confined polymer dynamics. For this
reason we use either very slow cooling from room temperature or
rapid quenching before measurements on subsequent heating.

It should be remembered that the dielectric data measured in this
way show a nontrivial combination of two mixing signals coming from
confined PMPS 2.5k and porous alumina. Thus, before any analysis is
performed, correction of the raw data is needed. The problem of
heterogeneous dielectric systems, such as alumina nanopores filled
with the studied polymer, can be considered as a system of two
capacitors connected parallelly in an electric circuit. In such a way, the
permittivities of the componentsafter being weighted by the
respective volume fractionsare additive. However, the additional
air-gap contribution must be considered when the nanopores are not
entirely filled with the polymer. In this case, the system can be
modeled as series capacitances. This has been demonstrated recently
for alumina confined ionic liquid samples.76,77 Experimentally, in the
dielectric spectra, the air-gaps (electrode blocking), if large enough,
may be responsible for the presence of the additional low-frequency
relaxation and deviate the α-relaxation to higher frequencies.78,79

However, this is not the case in this study. As demonstrated in the
Supporting Information, the correction, which includes the con-
tribution coming from the matrix and incomplete pore filling/air gaps
(∼10%) with the tested polymer, modifies only the intensity of the
dielectric permittivity while not the position of the segmental
relaxation or either its shape. In the previous study, we have also
ended up with the same finding.20,21 Nevertheless, one should bear in
mind that such correction is mandatory before evaluating the
conductivity behavior of ionic liquids in nanopore confinement or
when the air-gap contribution is more dominant.

Differential Scanning Calorimetry (DSC). A Mettler-Toledo DSC
apparatus was used to perform calorimetric measurements. This
system has a liquid nitrogen cooling accessory and an HSS8 ceramic
sensor (heat flux sensor with 120 thermocouples). Indium and zinc
standards are used for temperature and enthalpy calibrations.

Figure 1. Chemical structure of poly(phenylmethylsiloxane), used in
this study.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c00311
Macromolecules XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00311/suppl_file/ma2c00311_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00311/suppl_file/ma2c00311_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00311/suppl_file/ma2c00311_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00311?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00311?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00311?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00311?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Crucibles with prepared samples (bulk or crushed alumina
membranes containing confined PMPS) were sealed and cooled to
183 K with a 2 K/min rate inside the DSC machine. Then,
calorimetric data were recorded on heating with a rate of 10 K/min in
the temperature range from 183 to 293 K. From heat flow data, Tg
was defined as the temperature corresponding to the midpoint
inflection the extrapolated transition curve at the onset and end.

■ RESULTS AND DISCUSSION
We start our investigation by demonstrating the contact angle
results for AAO nanopores with different ALD coatings and
pore sizes. In this way, the nanoporous templates were
characterized by their hydrophilic/hydrophobic character. We

want to note that the inner surface of the walls for each of the
membranes was covered by a 5 nm thick ALD coating of either
HfO2, SiO2, and TiO2; consequently, the actual pore diameter
is reduced by 10 nm. The contact angle results measured for
water as a test liquid are presented in Figure 2. Herein, it
should be noted that the surface has hydrophilic properties
when the value of the contact angle is lower than 90°. The
surface becomes hydrophobic with the increasing contact angle
(above 90°). The literature data demonstrate that the native
nanopores exhibit hydrophilic properties.20,80

In our case, the nanopores with SiO2 and TiO2 have a more
hydrophilic surface (especially SiO2), unlike the HfO2

Figure 2. Contact angle measurements for the AAO nanopores with different sizes and ALD coatings measured for water as a test liquid.

Figure 3. Dielectric loss spectra of PMPS 2.5k recorded in (a) 50 nm alumina nanopores with 5 nm HfO2 coating and (b) 100 nm alumina
nanopores with 5 nm SiO2 coating. The spectra for the polymer−matrix composite materials were measured upon cooling with a rate of 0.2 K/min.
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membranes, which are rather hydrophobic. Former exper-
imental work confirms the hydrophilic nature of silicon81 and
titanium oxides82,83 and the hydrophobic properties of
hafnium oxide coatings.84−86 In our previous study, function-
alization was prepared by adjusting the proportion between
highly polar phosphoric units and nonpolar spacers. In such a
case, we have discovered that the hydrophobic properties of
the surface increase with increasing the number of nonpolar
units per single polar group.21 Furthermore, literature data
suggest that the glass transition dynamics under nanoconfine-
ment might depend on the hydrophilicity/hydrophobicity of
the inner pore walls.9,20,49,68,69

A dielectric relaxation study was performed to investigate the
glass-transition dynamics of PMPS 2.5k in confined geometry.
From our previous study of PMPS 2.5k, we know that for the
bulk material in the dielectric loss spectra we can distinguish
α′-, α-, and β-relaxation processes.70 The α-relaxation is due to
segmental mobility, while the β-relaxation process describes
more local motions, strongly linked to the structural relaxation.
On the other hand, α′-relaxation is due to the sub-Rouse
mode. Figure 3a presents representative raw dielectric loss
spectra for the studied polymer embedded within 50 nm pore
with HfO2 coating, while Figure 3b shows the 100 nm pore
with SiO2 coating, as measured at different temperatures.
Unfortunately for TiO2-coated nanopores, it was impossible to
observe any relaxation process in BDS because TiO2 behaves
like a semiconductor with high electron mobility. The
considerable conductivity of the system covers the relaxations
processes, while SiO2 and HfO2 are insulator materials where
the electron mobility is lower.87 The dielectric spectra of (i)
unfilled membranes with different ALD coatings and (ii)
PMPS 2.5k confined within 25 and 50 nm membranes can be
found in the Supporting Information.

We have observed the prominent α-relaxation process. Its
intensity decreases at lower temperatures for all nanopore-
confined samples with different ALD coatings. The α′-
relaxation process was also detected. Nevertheless, we have
excluded it from further consideration due to very weak
intensity compared to segmental relaxation. By comparison of
the dielectric loss spectra for PMPS 2.5k confined in nanopores
with various surface modifications, it is noticeable that the
secondary β-relaxation process disappears. The same feature
was already detected for PMPS 27.7k determined in AAO
nanopores.74 The suppression of the β-relaxation under
confinement can be connected with the interactions between
host and guest system and the changes in density. Each of
these factors may affect the geometry and conformation of the
molecules and the variation in the angle of dipole moment
vibrations.
The dielectric loss spectra were analyzed by using the

Havriliak−Negami (HN) function88
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The collected dielectric loss spectra were analyzed for the α-
process by using the standard fitting procedure. By calculating
τmax = 1/(2πfmax), we determined the relaxation times. In this

Figure 4. (a) Comparison of the temperature evolution of the segmental relaxation time for PMPS 2.5k confined to AAO nanopores with native
(pore sizes 55 nm) and ALD-coated (actual pore size 40 nm) walls. The data were measured by using two different thermal protocols. The main
panel show α-relaxation times recorded on slow heating prior to the sample was quenched from the room temperature to the temperature region
deep in the glassy state. The inset shows the temperature dependence of the α-relaxation time measured on cooling from the room temperature
with the rate of ∼0.5 K/min. (b) Evolution of the segmental relaxation time for PMPS 2.5k confined to AAO membranes with SiO2 ALD coating as
a function of different pore sizes. Data were measured on heating. The blue line represents the fitted VFT function to the bulk data. The results for
the bulk polymer were shown as a reference.
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way, we obtained the temperature dependences of the α-
relaxation time for PMPS 2.5k confined in AAO nanopores
with different ALD coatings and different pore sizes which are
presented in Figures 4a and 4b, respectively.
As can be seen, the segmental process for bulk polymer

exhibits Vogel−Fulcher−Tammann (VFT) behavior, which
can be approximated applying the following equation90−92

i
k
jjjjj

y
{
zzzzz

B
T T

exp
0

τ τ=
−α ∞

(3)

where τ∞ is the high-temperature limit of the relaxation time, B
is the activation parameter, and T0 is the “ideal” glass
temperature, often called the Vogel temperature. As can be
seen, at higher temperatures, the nanopores with different ALD
coating follow bulk dependence. Then, with decreasing the
temperature, the characteristic deviation in τα(T) appears. This
observation agrees with our previous results for PMPS 2.5k
confined in AAO nanopores with chemically modified
surfaces.20,21 Similar behavior was also reported for many
other glass-forming substances under nanoconfine-
ment.18,20,56−58,93,94 Such deviation of the τα(T) from the
bulk is often related to the presence of two fractions of
molecules, i.e., the interfacial and core layers. In each layer, the
molecules have different mobility. In the interfacial layer, the
molecules strongly interacting with the walls of the pores are
characterized by slower mobility, while in the core, the
mobility of molecules is faster.37,57 Therefore, the interfacial
mobility vitrifies as higher temperature, while the molecules in
the core at slower. In many cases, it is impossible to observe
the dynamics associated with the interfacial layer on dielectric
loss spectra. Nevertheless, by combining dielectric and
calorimetric results, it was demonstrated that the temperature
at which a characteristic kink in τα(T) dependence is observed
corresponds to the vitrification of the interfacial layer.95

However, the enhanced dynamics of molecules confined in
AAO nanopores compared to the bulk sample were attempted
to explain differently, for example, crossing a spinodal
temperature,96 dynamic exchange between the surface layer
and free molecules,97 frustration in the density,18,33,47 or
approaching the length scale of cooperative dynamics.25

Numerous experimental research suggests that the thermal
protocol impacts the glass-transition dynamics in nano-
pores.30,33,46,96,98,99 With this knowledge, the experiments

were executed by using two different thermal protocols. The
dielectric results were obtained upon slow cooling from the
room temperature with the rate of 0.2 K/min and slow heating
from the glassy state with 0.2 K/min following cooling with 10
K/min to low temperatures. The measured temperature
dependences of the segmental relaxation time for the studied
polymer are presented in the inset of Figure 4a. As can be seen,
on cooling, for PMPS 2.5k confined in 55 nm native
nanopores, the segmental relaxation time shows the bulk
behavior. At the same time, on heating (even in the same
temperature range), the characteristic deviation is observed.
On the contrary, the opposite behavior is observed for the

studied polymer confined in 50 nm pores with HfO2 coating.
The sample shows no systematic crossover in τα(T) on
heating, while on cooling, the segmental dynamics suddenly
deviate from the bulk. We have also seen similar effects for
PMPS confined within alumina nanopores with the chemically
modified surfaces using silane agents (ClTMS and APTMOS)
and varying amounts of polar and nonpolar groups attached to
the surface.20,21 Thus, it should be remembered that the
segmental relaxation time in confinement might evolve
differently, depending on the thermal treatment. Such a
feature comes from the confined polymer being in an out-of-
equilibrium state. Depending on the time provided, it can
restore partially or even completely its bulk segmental
relaxation time at a given temperature. The results of our
previous investigation demonstrate clearly that the surface
chemistry/polarity might control such an equilibration
process.21

Chat et al. have demonstrated that the glass-transition
dynamics do not change with the thermal treatment for
dimethyl phthalate confined in 50 nm pores with 5 nm HfO2
coating.68 However, for the S-Methoxy-PC confined in AAO
nanopores with the same type of ALD coatings, they did not
observe a significant deviation of the temperature dependence
of the α-relaxation process from bulk behavior.69 As concluded,
such a difference might be explained due to the different
sensitivity of both glass-forming systems to pressure effects/
density frustration.
Subsequently, we have also investigated changes in the

segmental dynamics of the confined polymer as a function of
pore diameter. For that purpose, we have varied with the pore
size while keeping the same ALD coating, which was SiO2. The

Figure 5. Comparison of the shape of the α-relaxation peak for PMPS 2.5k confined to AAO nanopores: (a) with native and ALD-modified pore
surface and for different diameters of the nanopores; (b) with HfO2 ALD coating as measured using two different thermal protocols. The bulk
spectrum collected at T = 243 K was used as a reference. Dashed lines are fits to the KWW function.
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corresponding results are shown in Figure 4b. As can be seen,
with decreasing the pore diameter, the deviation from bulk
behavior shifts toward higher temperature. So at a given
temperature, located below a characteristic kink, the segmental
dynamics is enhanced with reducing the pore size. This is a
characteristic feature for glass-forming substances under
nanoconfinement, reported already in numerous stud-
ies.25,36,47,48,57,58,100−103 As already noted, it turns out that by
combining dielectric relaxation and calorimetric studies, the
characteristic deviation of τα(T) from the bulk dependence
seen in alumina nanopores can be ascribed to vitrification of
the molecules in the interfacial layer.11,58,93

In the next step, we have investigated the distribution of the
α-relaxation time for the PMPS 2.5k confined in cylindrical
alumina nanopores with different coating; see results presented
in Figure 5a,b. As can be seen, the α-loss peak becomes
broader in nanopore confinement. This feature is evident with
decreasing the pore diameter. Such spectral broadening is
characteristic of geometrically constrained systems and
signifies that the dipolar environment becomes more and
more heterogeneous.57,75,89,96,104−109 Some of the literature
reports indicate that silanization of the inner pore walls should
completely remove the broadening of the α-relaxation peak in
nanopore confinement.52,57 However, in our previous work, we
have observed the opposite trend for PMPS 2.5k confined in
AAO nanopores with the surface conditions modified by using
different silane agents, ClTMS and APTMOS. The confine-
ment effect seen as broadening the α-loss peak was not
eliminated by chemical modification. In contrast, it becomes
even more pronounced. We have assumed that for APTMOS-
treated nanopores, it may be due to the complex properties
and specific interfacial interactions between the polymer and
APTMOS molecules. For ClTMS and the native pores, we
observed that their segmental relaxation time distribution was
practically the same. Likewise, the broadening distribution of

the segmental relaxation time was not eliminated in AAO
nanopores with varying surface polarity.21 As a matter of fact,
the distribution of the α-relaxation times was practically not
affected by changes in the surface conditions. Altogether, it was
concluded that the changes in the surface chemistry might
impact various aspects of the relaxation dynamics in absolutely
different ways.20

As shown in Figure 5a, the broadening of the α-relaxation
changes with the type of ALD coating and the pore size. For 50
nm pores with hydrophobic HfO2 surfaces, the shape of the α-
relaxation peak is broader compared to SiO2 coatings, which
have a more hydrophilic character. This observation shows that
a more heterogeneous nature of the relaxation dynamics is
expected in pores with hydrophobic surfaces. The same feature
was also observed for dimethyl phthalate confined in 50 nm
pores with 5 nm HfO2 coating68 and for S-Methoxy-PC
confined in 25 nm pores with 5 nm HfO2 coating.69 Apart
from that, it should be noted that the different thermal
protocols that we use to collect the dielectric spectra do not
affect further changes in the shape of the α-loss peak, as
demonstrated in Figure 5b.
We have used the Kohlrausch−Williams−Watts (KWW)

stretched exponential to describe the shape of the α-
relaxation110,111
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where τα is the relaxation time and t is time. The value of βKWW
varies between 0 and 1. It decreases as the relaxation spectrum
broadens. The values obtained for the nanopore-confined
polymer are much lower than for the bulk polymer. Such
broadening of the α-relaxation in nanopores is a characteristic
feature of many glass-forming systems under geometrical
confinement. It is often related to the increase of

Figure 6. DSC thermograms for PMPS 2.5k in the bulk state and embedded within AAO nanopores with different ALD coatings. DSC scans were
recorded on heating at 10 K/min following cooling with 2 K/min. The insets show the temperature derivatives of the heat flow signals for selected
samples.
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heterogeneous relaxation dynamics. Furthermore, with de-
creasing pore size, the βKWW value also decreases while it
remains unchanged for the different thermal protocols. By
comparing the results from the previous study of PMPS 2.5k
confined within alumina nanopores with modified surface
conditions, we found that the values of the stretching
exponents reported when using ClTMS and APTMOS agents
are larger than that obtained in AAO templates with controlled
surface polarity and ALD coated reported in the present work.
For ClTMS-coated pores, we get 0.36, while for the more
hydrophilic APTMOS surface, 0.28. In the case of surface
polarity changes induced by controlling the separation between
polar and nonpolar units, the distribution of the α-relaxation
times was practically not affected. All the samples have βKWW ∼
0.21. On the basis of that finding, we conclude that the breadth
of the relaxation function detects to some extent changes in the
surface conditions. Our present results also support that
finding. We observe apparent differences in the distribution of
the relaxation times for PMPS confined within 50 nm AAO
templates with HfO2 and SiO2 coatings. As will be
demonstrated in the following part of this paper, we also
found surprisingly low polymer−substrate interfacial energy
values in the former system; in contrast, for the latter, the
polymer−substrate interfacial energy is very high.
To complement dielectric relaxation studies, we have also

performed calorimetric measurements. The collected results
for PMPS 2.5k in bulk and confined AAO nanopores with the
different ALD coatings are presented in Figure 6. In some
thermograms recorded for the confined polymer, the step
characteristic for the Tg value can be difficult to perceive. For
this reason, to confirm the presence of both glass transition
events, we have also calculated the temperature derivatives of
the heat flow curves, as demonstrated in the inset of Figure 6.
Now, it is clearer that the two intense peaks correspond to two
glass transition events. The same procedure was repeated for
other samples. In all confined samples, two glass-transition
temperatures were evident.
The collected DSC results indicate that we can distinguish

only one endothermic event resulting from the vitrification
process (Tg = 230 K). On the other hand, two glass transition
events are detected for PMPS 2.5k confined in alumina
nanopores with different ALD coatings. The first glass
transition event, seen at lower temperatures, Tg_low, is typically
assigned with the glass transition of the molecules in the center
of the pores. In contrast, the glass transition seen at higher
temperatures, Tg_high, might be related to the vitrification of the
interfacial layer. Such terminology is often recalled as a two-
layer model and was already reported in the litera-
ture.30,31,37,46,58,96,99 The values of Tg_high and Tg_low were
determined to be the approximate midpoints of the temper-
ature range over which the glass transition events occur. The
accuracy of Tg determination varies within ±3 K. As illustrated
in Figure 6, with decreasing the pore size Tg_low values slightly
decrease, while Tg_high values increase. For example, a similar
trend was reported in van der Waals-bonded molecular liquids
confined to alumina nanopores.112 Furthermore, by comparing
the values of Tg_high and Tg_low for PMPS 2.5k embedded
within alumina nanopores with different ALD coatings, we can
see changes in the hydrophobicity/hydrophilicity of the surface
do not have a definite impact on Tg values.
We can find that they barely coincide by comparing values

corresponding to a characteristic crossover temperature in
τα(T) dependence and Tg_high. However, does it explicitly

mean that changes in τα(T) are due to vitrification of the
interfacial layer? Or, in other words, how certain is that Tg_high
seen in DSC results comes from the vitrification of the
interfacial layer? As already noted, numerous experimental
results reported in the literature confirmed this kind of
behavior for different glass-forming substances under confine-
ment.22,56,58,93,99,108,113 Many of them, indeed, associate the
presence of Tg_high with the interfacial layer. This essentially
should not raise any doubts when considering native alumina
nanopores full of hydrogen-bonded surface OH groups, so
capable of forming hydrogen bonding with the confined
material.
When it comes to chemically modified pore walls, the

interfacial interactions are expected to be either weakened or
strengthened, depending on the surface modification strategy.
Changes in the dynamics of the interfacial layer induced in this
way should be immediately reflected in changes of high Tg
value. In principle, in the absence of interfacial interactions,
Tg_high should not be observed. Herein, it should be noted that
in our previous works the two-glass transition event was also
revealed upon calorimetric measurement of nanopore-confined
PMPS 2.5k, irrespective of the chemical modification strategy
used.20,21

However, the presence of both Tgs can also be detected in
the case of a complete lack of strong H-bonding and surface
interactions. To demonstrate that, we have calculated
interfacial energy, which provides information about the
strength of the interactions between the polymer and
constrained solid surface. The details of the calculation
procedure can be found in the Supporting Information. The
results lead to the following values: γSL = 18.7 mN/m for
PMPS 2.5k confined in AAO nanopores with SiO2 coating, γSL
= 5.1 mN/m for TiO2 coating, and γSL = 0.5 for HfO2 coating
(values calculated by using water and formamide as pair test
liquids). As can be seen, PMPS 2.5k confined to AAO
nanopores with the most hydrophobic HfO2 coating is
characterized by extremely low interfacial energy, while for
the SiO2-coated system, the interfacial energy is considerable.
This indicates that nanopore confined PMPS 2.5k weakly wets
and interacts with HfO2-coated pore walls, while in the
presence of SiO2 coatings, the polymer/solid substrate
interactions are stronger. Despite that, we still observe two
glass-transition events in DSC thermograms in both cases. In
the literature, the change in Tg under confinement was
discussed in the context of interfacial energy.51,75 Namely, a
trend for a decreasing glass temperature relative to the bulk
with increasing interfacial energy was observed. While it is a
valuable general finding reported for numerous glass-forming
liquids and polymers, it does not apply when it comes to a
detailed analysis of a single system confined within a
nanoporous matrix of different surface properties. In Figure
7, we plot on the same graph Tg_high, Tg_low, and γSL gathered
for the investigated samples. As can be seen, the values of high
and low glass transition temperatures practically do not depend
on the interfacial energy value. Compared with the bulk
polymer, a downward shift of Tg will be practically the same,
ΔT ∼ 15 ± 2 K.
Another point should be noted here. Talik and co-workers

reported glycerol confined within alumina nanopores with no
confinement effect. The presence of only one glass-transition
temperature, corresponding to the bulk value, was related to
the very low interfacial energy γSL = 1.5 mN/m of this
system.51 It was also suggested that good wettability and strong
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interactions with the substrate are the two most important
parameters responsible for the formation of a stable interfacial
layer. This is again not valid in our case, raising an open
question on whether a high Tg value is indeed related to the
presence of the so-called “interfacial” layer.
Recently, Wang and co-workers114 discussed the relation

between conformational changes induced in confinement and
Tg. Although the system under investigation has minimal
interfacial interactions, the authors have reported dramatic
changes in Tg behavior depending on whether concave or
convex geometry was used. This feature was related to
molecular conformation changes controlled by the molecular
packing of the molecules. To get new information about
conformational and structural changes induced in confinement,
we have also performed a Raman spectroscopy study for the
tested polymer confined in AAO templates with different ALD
coatings. The detailed analysis of collected Raman spectra can
be found in the Supporting Information. The most important
outcome from this study is that nanometric confinement
results in two main features: symmetry breaking within the
siloxane backbone and alterations in the benzene ring
alignment. The particular changes in the surface chemistry
can be only responsible for slightly higher structural
modifications within siloxane- and aromatic-related bands.
To sum up, in all of the methods that have been employed

to modify the surface of alumina nanopores, we still observe
two Tgs in DSC spectra of confined PMPS 2.5k. This is a very
intriguing finding. In view of the calculated interfacial energy
values, we cannot explain it by considering changes in the
strength of guest−host interactions. Even in the absence of
strong interfacial interactions, high Tg is detected. There is no
threshold in γSL, below which the surface interactions are too
weak to induce confinement effect and double glass-transition
phenomenon. This points out that some other phenomena
might probably occur close to the surface, not considered so
far. One possible scenario is related to density variation close
to the substrate, as suggested by Wang and co-workers.114 In
this view, in confined material, we can distinguish high- and
low-density regions with different Tgs. In the N,N′-bis(3-
methylphenyl)-N,N′-diphenylbenzidine (TPD) case, studied

by Wang et al., the pore curvature promotes itself various
molecular packing. However, this is not the case for PMPS
2.5k because, in all of the cases, the pore geometry was the
same. Thus, the presence of two Tgs in nanoporous
confinement remains unclear. It is generally agreed that
understanding how soft matter systems behave close to the
solid interfaces is essential to the design of nanometric size
interfaces with controlled physical properties and further
applications of such systems. This study shows that not all of
the features related to glass-transition dynamics of nanopore-
confined polymers can be explained by the strength of
interfacial interactions. Therefore, a more rigorous and
complete understanding of two Tgs in confinement requires
further experiments and additional simulations, especially
considerable insight into the density distribution and structure
is greatly needed.

■ CONCLUSIONS
In this work, by employing dielectric spectroscopy and
differential scanning calorimetry, we have investigated how
modification of the surface conditions affects the glass
transition dynamics of PMPS 2.5k confined in nanoporous
alumina templates. The inner surface of the pores was modified
by using the atomic layer deposited technique. Each AAO
membrane was covered by 5 nm thick ALD coating of either
hafnium oxide (HfO2), silicon oxide (SiO2), and titanium
oxide (TiO2). On the basis of contact angle measurements, we
have confirmed that HfO2 coating is responsible for the most
hydrophobic surface properties, while SiO2 and TiO2 result in
a more hydrophilic character of the pore walls. In line with this,
the polymer/substrate interfacial energy was extremely low in
the case of HfO2 coatings (0.5 mN/m) and remarkably strong
for SiO2 coating (18.7 mN/m). Therefore, just by changing the
ALD coating, we tuned for the same polymer material the
interfacial interactions from exceptionally strong to exception-
ally weak.
The results of the dielectric studies reveal that for the

studied polymer confined in ALD-coated nanopores the α-
relaxation time exhibits a strong dependence on the thermal
treatment protocol. As a result, in some cases, it was possible to
see either enhanced or bulk-like evolution of τα(T). The
distribution of the α-relaxation time indicates that the
broadening of the α loss peak is more pronounced when we
decrease the pore diameter and when the surface has more
hydrophobic properties. We note that the broadening of the
segmental relaxation peak, which is characteristic for the
nanopore-confined systems, is not eliminated by changing the
surface chemistry. For all considered systems, the DSC
thermograms have revealed the presence of two glass transition
events. This observation indicates that irrespective of the
surface character, we cannot remove the confinement effect or
double glass transition event seen in alumina nanopores. The
strength of the interfacial interactions does not relate to
changes in Tg behavior of confined PMPS 2.5k. From that it
remains an open question on whether by changing the surface
characteristics we prevent in any way formation of an
interfacial layer between the confined polymer and confining
walls or the presence of two glass transition temperatures in
calorimetric response of nanopore-confined material is related
to some other phenomenon taking place close to the pore
surface, such as frustration in the density.
While the strength of the interfacial interactions under

geometric confinement was proven many times to play a

Figure 7. Interfacial energy for PMPS 2.5k confined within 50 nm
AAO nanopores with different ALD coatings plotted as a function of
high and low glass-transition temperatures determined from the
calorimetric measurements.
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critical role in understanding the polymers’ dynamics at the
nanoscale level, this study provides evidence that it failed to
explain the double glass transition phenomenon for the tested
polymer material embedded within cylindrical nanopores with
different surface coating. Our study was designed to show that
strong interfacial interactions are not needed to see high Tg.
With this, it is evident that there should be some other
important factors not taken so far into account. Thus, the
presence of double glass-transition event in cylindrical pores
remains even more unclear. Further studies, hopefully with the
aid of computer simulations, should focus on elucidating the
problem encountered for confined PMPS 2.5k. Understanding
how the surface properties affect polymer behavior at the
nanoscale level should help develop polymer surfaces with
controlled physical properties for versatile applications.
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