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ABSTRACT: Herein, we studied the impact of surface roughness on the molecular dynamics of a series of
phenyl-terminated monohydroxyalcohols under spatial confinement provided by nanoporous anodic
aluminum oxide (AAO) membranes of constant (const-AAO) and modulated (modul-AAO) pore
diameter using Broadband Dielectric Spectroscopy and Differential Scanning Calorimetry. Interestingly,
we observed that both types of AAO membranes affect the behavior of examined associating materials in a
different manner. Calorimetric measurements showed that the double glass transition phenomenon,
commonly reported for many compounds infiltrated into const-AAO membranes, is not observed in the
case of modul-AAO templates, where a single glass transition temperature was detected. Consequently, the
dynamics of the dominant process was bulk-like in the whole range of studied temperatures for the
samples infiltrated into the latter templates. Moreover, the Debye character of the dominant relaxation
process characteristic for bulk samples was lost for the confined samples. Interestingly, the width of the
dominant mode was the greatest in the alcohols infiltrated into modulated pores. It was assigned to the
higher heterogeneity in the mobility introduced by the nanostructurization of the interface. The presented
data emphasize the crucial impact of modulated-induced surface roughness of an applied constrained medium on the dynamics and
phase transition of the liquids infiltrated into pores.

I. INTRODUCTION
Monohydroxy alcohols (monoalcohols, MA), containing a
single hydroxyl group (−OH) being the major source of their
dipole moment, represent a group of amphiphilic compounds,
i.e., having both the hydrophilic (−OH) and hydrophobic
(aliphatic chain) parts. The other interesting issue worth
emphasizing is the fact that it is relatively easy to modify the
structure and geometry of molecules within the nonpolar part
(change of length, rigidity or branching of the aliphatic chain,
addition of steric hindrance) and the polar part (changing the
number and position of hydroxyl groups or adding another polar
moiety). Moreover, these materials can be easily supercooled, so
we can study their behavior in a wide range of temperatures and
pressures. All these features allow us to classify monohydroxy
alcohols as a convenient model to study the self-assembly
phenomenon, drivenmainly by noncovalent interactions such as
hydrogen bonds, steric effects, electrostatic interactions, or
hydrophobic and hydrophilic effects.1−3 Consequently, the
impact of different factors on the self-assembly phenomenon,
architecture of aggregates, and mechanism of their formation
can be gained. These clear advantages of MA resulted in
publication of numerous articles on these systems where
different experimental and theoretical methods including
broadband dielectric spectroscopy were applied.2,4−9 However,
these investigations mostly focus on aliphatic monoalcohols in
the bulk phase.

In general, the dielectric spectra of glass-forming liquids
exhibit primary structural (α) relaxation with the possible
presence of faster secondary relaxation processes. Importantly,
the dielectric response of the majority of the systems studied so
far is nonexponential (non-Debye).10,11 On the other hand, in
spectra of monoalcohols collected in the supercooled liquid
state, one can observe the presence of a prominent, symmetric
Debye peak, whereas the α-process often manifests itself as an
excess wing in the high-frequency region.2,4,12,13 The nature of
the Debye (D) process in MA has been studied over many years
in order to find its molecular origin.2 However, recent studies
have clearly shown that this D-mode originates from the
formation of transient chains (molecules can join and leave the
chain) via hydrogen bonds. These structures, by analogy to the
type-A polymers, are characterized by a dipole moment parallel
to the backbone. Therefore, the fluctuation in the dipole
moment due to attachment or detachment of the single
molecule to the transient chain gives rise to variation in
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polarization and appearance of the Debye response in loss
spectra.4,13 The dynamical parameters describing this puzzling
relaxation process depends on the structure of the alcohol
molecule itself, i.e., a number of −OH groups and particularly
their mutual arrangement, which can lead to the formation of
other (nonlinear) hydrogen bonded supramolecular struc-
tures.2,13,14 Moreover, they can be used to make some
conclusions about the self-association in the investigated system.
It was shown that the higher stiffness of the alcohol molecule,
resulting from the addition of a phenyl ring, significantly hinders
the self-assembling process, which results in a smaller size of
hydrogen-bonded clusters.4,15,16 The formation of hydrogen
bonds can be even completely suppressed, especially when the
steric hindrance is located in the vicinity of hydroxyl group (i.e.,
1-phenyl-1-propanol), which is then reflected in the amplitude
of the Debye process.17 Pressure studies also show that elevated
pressure affects the hydrogen bonding network structure in
monoalcohols, yet the exact mechanism remains unclear.18−22

Another, rather innovative, way to study molecular dynamics
and thus structures that form at the atomic level is to apply a
spatial confinement. Gainaru et al.23 showed that for 2-ethyl-1-
hexanol (2E1H), confined within the surface of collagen matrix
at different concentrations, a prominent Debye-like process
becomes broader non-Debye as the alcohol concentration
decreases. At the same time, an increase in the relative strength
of structural relaxation was observed, associated with a
decreasing population of supramolecular structures. Ultimately,
it was even possible to reach the state of nonassociating liquid.
Another approach to nanospatical restriction of the sample is the
use of a hard confinement (in the form of nanopores), which also
allows us to modify this effect further by changing the diameter
of the nanochannels, the type of material they are made of, their
volume or shape. Ananiadou et al.14 showed that for
monohydroxy alcohols infiltrated into nanoporous alumina
templates, the average dielectric strength of Debye-like
relaxation is reduced, which is associated with a lower number
of hydrogen bonds, resulting further in faster dynamics. They
also observed that the number of molecules forming hydrogen-
bonded linear structures decreases with decreasing pore
diameter (from 7 in the bulk to 2 in 25 nm pores for 2E1H).
A similar effect was obtained by Kipnusu et al.24 and Talik et al.25

for primary alcohols confined in silica templates of pore size, Dp
= 4 nm. In the same paper, they also concluded that the

hydrogen bonds become weaker and inhomogeneous under
spatial restriction.
In this paper, we investigated the impact of nanoscale

confinement on the behavior of four phenyl-terminated
monohydroxyalcohols (phenyl alcohols, PhAs), 2-phenyl-1-
ethanol (2Ph1E), 3-phenyl-1-propanol (3Ph1P), 4-phenyl-1-
butanol (4Ph1B), and 5-phenyl-1-pentanol (5Ph1P), that vary
in the length of the alkyl chain (see Scheme 1), by means of
Broadband Dielectric Spectroscopy (BDS) and Differential
Scanning Calorimetry (DSC). The nanoscale confinement
examined in this paper was produced by the two types of the
porous anodic aluminum oxide (AAO) matrixes characterized
by either (1) constant or (2) modulated pore diameter (Dp) of
comparable sizes labeled herein as const-AAO and modul-AAO,
respectively (see Scheme 2). Previous studies on the bulk
materials revealed that many of their properties, i.e., the degree
of association of molecules via hydrogen bonds, the associa-
tion−dissociation energy, and the glass transition temperature
(Tg), change depending on the length of the alkyl chain
according to the “odd−even” effect.26 This was discussed in
terms of the interplay between interactions of the nonpolar and
polar parts of the molecules, which was concluded to have a
significant influence on the local structure and intra- and
intermolecular dynamics of the studied PhAs. Therefore, it is
interesting to see whether similar effects will be observed for the
samples confined in mesoporous templates. It should be
highlighted that to the best our knowledge, this is the first
study on the impact of porous AAO matrices characterized by
the modulated pore diameter on the behavior of low-molecular
weight associating materials. Note that the modulated pore size
of modul-AAO templates might be considered as an additional
factor leading to an increase of roughness of inner pore walls.

II. EXPERIMENTAL SECTION
Materials. Investigated phenyl alcohols (C6H5−(CH2)n−

OH, n = 2−5), with purity higher than 98%, were purchased
from Sigma-Aldrich. Prior to use, the alcohols were heated (T =
323 K) under a vacuum for about 20 min in order to remove
residual water. The chemical structure of the alcohols studied is
shown in Scheme 1.
In this study, we used the porous anodic aluminum oxide

(AAO) membranes composed of uniaxial channels (open from
both sides) with a well-defined pore diameter of the constant
(const-AAO) or modulated (modul-AAO) value. Const-AAO

Scheme 1. Chemical Structures of Investigated Phenyl Alcohols

Scheme 2. Drawings of a Schematic (a) Top-View and (b, c) Cross-Section of const-AAO (b) and modul-AAO (c) Templates
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membranes were purchased from InRedox Technologies and
were characterized by porous channels of pore diameters, Dp =
10 andDp = 40 nm. On the other hand, modul-AAOmembranes
of modulated pore size (Dp = 19 nm (mild anodizing mode) and
Dp = 28 nm (hard anodizing mode)) were prepared by the two-
step anodization of aluminum in stirred 0.3 M H2SO4 at 5
°C.27,28 The morphology of the applied membranes is shown in
the Scheme 2. Details concerning the nanostructurization of
inner walls of modul-AAO can be found in ref 28.
Before filling, all types of membranes were dried in an oven at

T = 423 K under a vacuum to remove any volatile impurities
from the nanochannels. After cooling, they were used as a
constrained medium. For that purpose, AAO templates were
placed in a small glass flask containing examined MAs. The
whole system was maintained at T = 298 K in a vacuum (10−2

bar) for t = 5 h to let the samples flow into the nanocavities.
Samples were finally annealed at T = 353 K under a vacuum for t
= 1 h and weighed thereafter. The complete filling was obtained
by a series of repeated infiltration procedure until the weight of
the templates before and after was constant. After filling, the
excess sample on the surface of the membranes was removed
with a paper towel.
Broadband Dielectric Spectroscopy (BDS). BDS meas-

urements were carried out on heating after a fast quenching of
the liquid state in a wide range of temperatures (T = 175−243
K) and frequencies ( f = 10−1−106 Hz) using a Novocontrol
spectrometer, equipped with an Alpha Impedance Analyzer with
an active sample cell and Quatro Cryosystem. Dielectric
measurements of bulk samples were performed in a parallel-
plate cell (diameter, 15 mm; gap, 0.1 mm) as described in ref 26.
AAOmembranes filled with studied alcohols were also placed in
a similar capacitor (diameter, 10 mm; membrane thickness, 0.05
mm).29,30 Nevertheless, the confined samples are a heteroge-
neous dielectric consisting of a matrix and an investigated
compound. Because the applied electric field is parallel to the
long pore axes, the equivalent circuit consists of two capacitors
in parallel composed of ε*compound and ε*AAO. Thus, the
measured total impedance is related to the individual values
through 1/Z*c = 1/Z*compound + 1/Z*AAO, where the
contribution of the matrix is marginal. The measured dielectric

spectra were corrected according to the method presented in ref
31.
In order to obtain relaxation times (τ) and also shape

parameters of relaxation peaks, the dielectric data were fitted
using the Havrilak−Negami (HN) function:32

= +
[ + ] \

( )
1 (i )

DC

0 HN
HN H N (1)

where σDC is the DC-conductivity term, ε0 is the vacuum
permittivity, ω̅ is angular frequency, τHN describes HN
relaxation time, and αHN and βHN are the shape parameters
representing the symmetric and asymmetric broadening of given
relaxation peaks.
Differential Scanning Calorimetry (DSC). Calorimetric

measurements were carried out by a Mettler-Toledo DSC
apparatus equipped with a liquid nitrogen cooling accessory and
an HSS8 ceramic sensor (heat flux sensor with 120
thermocouples). Temperature and enthalpy calibrations were
performed by using indium and zinc standards. The sample was
prepared in an open aluminum crucible (40 μL) outside the
DSC apparatus. Samples were scanned at various temperatures
at a constant heating rate of 5, 10, and 20 K/min.
Surface Tension and Contact Angle Measurements.

The surface tension of liquids γL (pendant drop method) and
contact angle θ were measured with a DSA 100S Krüss
Tensiometer, GmbH Germany. The description of the instru-
ment and procedures has been presented previously.33,34 The
measuring procedure at 298.2 K for all substances has been
repeated a dozen or more times. The temperature measure-
ments uncertainty was ±0.1 K. The precision of contact angle
measurements was 0.01°, and the estimated uncertainty was
±1.5°, whereas the uncertainty of surface tension was±0.1 mN/
m. Density, ρ, required for the surface tension experiment was
measured with an Anton Paar DMA5000Mdensimeter with the
uncertainty not worse than 0.0001 g/cm3.

III. RESULTS AND DISCUSSION
Representative DSC thermograms obtained for two chosen bulk
alcohols, 2-phenyl-1-ethanol (2Ph1E) and 5-phenyl-1-pentanol
(5Ph1P), and samples infiltrated into various const- and modul-

Figure 1. DSC thermograms obtained for bulk and confined samples of 2Ph1E (a−d) and 5Ph1P (e−h).
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AAO membranes are shown in Figure 1. As can be seen for the
bulk materials, they display the presence of one clear
endothermic event related to the glass transition, characterized
by a comparable values of the glass transition temperatures, Tg
(see Figure 1a,e). The determined values of glass transition
temperatures for all systems are listed in Table 1. As previously
discussed, this indicates that the elongation of the alkyl chain in
the studied bulk PhAs does not significantly affect Tg.

26

On the other hand, for samples infiltrated into AAO templates
of various constant Dp the scenario is quite different. For all
those materials, we can observe two endothermic signals
discussed in the literature as a so-called double glass transition
(DGT) phenomenon where both Tg values are located above

and below the one observed for the bulk material independent of
the molecular weight of PhAs and pore diameters (see Figure
1b,c and Figure 1f,g). One can recall that similar findings are
commonly reported in the literature for various glass formers
under confinement,25,28,35−39 including materials able to create
excessive hydrogen bonding structures. According to the “two-
layer” (or “core-shell”) model,41,42 there are different types of
interactions within infiltrated materials, which result in
heterogeneity in terms of molecular dynamics as well as packing
density.24 Due to the interactions between the surface of the
inner pore wall and the sample, the mobility of this “interfacial”
molecules is slower compared to the ones located more in the
middle of the nanochannels, labeled as the “core” fraction of

Table 1. Comparison of the Glass Transition TemperaturesObtained fromBDS andDSCMeasurements, for All Studied Samples
(Both Bulk and Confined Ones)a

DSC measurements BDS measurements

sample Tg,interfacial [K] Tg,core [K] Tg,interfacial [K] Tg,core [K] ΔTg,interfacial [K] ΔTg,core [K]

2Ph1E
bulk 184.4 180.4
Dp = 40 nm 212.7 181.1 199.2 172.2 18.8 −8.1
Dp = 10 nm 210.2 180.4 197.2 162.0 26.8 −9.5
modul-AAO 182.4 178.6 −1.8

3Ph1P
bulk 181.9 178.4
Dp = 40 nm 205.1 175.9 197.2 162.0 18.8 −16.4
Dp = 10 nm 208.4 176.1 201.2 165.2 22.8 −13.2
modul-AAO 183.3 173.8 −4.6

4Ph1B
bulk 180.9 175.2
Dp = 40 nm 200.5 175.9 195.2 159.9 20.0 −15.3
Dp = 10 nm 211.4 175.5 199.2 166.6 24.0 −8.6
modul-AAO 182.3 173.9 −1.3

5Ph1P
bulk 181.8 177.8
Dp = 40 nm 205.2 177.3 197.2 160.8 19.3 −17.0
Dp = 10 nm 208.2 176.1 199.2 165.4 21.3 −12.5
modul-AAO 185.4 174.2 −3.7

aThe uncertainty of Tg determination is ±2 K for all presented values.

Figure 2. (a) Glass transition temperatures (determined from calorimetric measurements) of the bulk and confined sample vs molecular weight of
PhA. (b) Glass transition temperatures determined from calorimetric measurements for 2Ph1E and 5Ph1P plotted vs pore diameter.
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more bulk-like molecules. The reduced mobility results in the
glass transition occurring at higher temperatures (Tg,interfacial),
whereas the core molecules are characterized by lower values of
the glass transition temperatures (Tg,core). Interestingly, both
Tg,interfacial and Tg,core change in a nonlinear manner with the
elongation of the alkyl chain. However, it should be mentioned
that although Tg,core(M) changes similarly to the bulk for both
examined Dp, interestingly, there is no difference between Tg,core
of samples infiltrated within const-AAO templates ofDp = 10 nm
andDp = 40 nm. On the other hand, in the case of Tg,interfacial(M),
one can see that it varies in a different way depending on the

applied pore diameter; see Figure 2a. Note that, forDp = 40 nm,
we can see a significant decrease in Tg,interfacial from 2Ph1E to
4Ph1B and then a slight increase for 5Ph1P to the similar value
to 3Ph1P, which is different than the trend observed for
Tg,core(M). This difference is even more pronounced in the pore
diameter dependences of both Tg values shown in Figure 2b.
Herein, one can see that as the degree of confinement increases
(pore diameter decreases) for const-AAOmembranes,Tg,interfacial
either decreases or increases for 2Ph1E and 5Ph1P, respectively.
In this context, one can mention that typical Tg,interfacial increases
and Tg,core decreases in a linear manner with Dp for infiltrated

Figure 3.DSC thermograms for 2Ph1E (a) and 5Ph1P (b) confined in const-AAO templates ofDp = 10 nmmeasured at different heating rates: 5/10/
20 K/min. (c,d) Thickness of the interfacial layer (ξ) plotted versus the pore diameter (c) for PhAs within const-AAO templates the length of the alkyl
chain (d).
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systems.28,35,38,40 However, in our case, both Tg values behave
differently, which seem to be governed by the molecular weight
of the examined PhAs.
In order to explain the impact of chemical structure on the

observed differences in Tg,interfacial, we carried out a series of
additional DSC measurements for 2Ph1E and 5Ph1P incorpo-
rated within const-AAO membranes of Dp = 10 with different
heating rates of 5, 10, and 20 K/min. As shown in Figure 3a,b,
both Tg values increase with an increasing heating rates, which
agrees with the literature.43,44 Furthermore, taking advantage of
performed calorimetric measurements, we determined the
length scale of interfacial layer (ξ) using the following
equation:41

=
+

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i
k
jjjjjj

y
{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

D C

C C2
1 1p p,interfacial

p,interfacial p,core

1/2

(2)

where ΔCp,interfacial and ΔCp,core are heat capacity changes at
Tg,interfacial and Tg,core, respectively, and Dp denotes the pore
diameter. It is worthwhile to note that eq 2 can be used when the
following conditions are fulfilled: the volume of the material in
the surface layer is proportional to the step change of its heat
capacity, the density of the confined sample is constant along the
pore radius, and the pore is cylindrical. The values of ξ calculated
for all samples infiltrated into const-AAO templates plotted as a
function of the alkyl chain and pore diameters are presented in
Figure 3c,d, respectively. As observed, the thickness of interfacial
layer oscillates around ξ = 2 nm and ξ = 6 nm for samples

incorporated into templates of Dp = 10 nm and Dp = 40 nm,
respectively. Note that the thickness of the interfacial layer
determined for examined PhAs infiltrated within const-AAO
templates of Dp = 40 nm reaches ξ ∼ 6−7 nm, which might
indicate about 10 molecular layers. Taking into account that the
studied PhAs are able to formed an extended H-bond network,
we assume that this quite high value of ξ is related to the
associating structure formed by studied materials at the
interface. This implies that the molecules are not densely
packed, but they rather form various hoops and loops (of
relatively big size) at the interface due to the intramolecular
hydrogen bonding, resulting in ξ ∼ 6−7 nm. Additionally, one
can add that the applied model (eq 2) is a simple mathematical
equation, assuming direct proportionality between the heat
capacity and the number of molecules. It does not take into
account any variation in the density or the heat capacity of the
adsorbedmolecules vs core ones. We think that these limitations
of the applied model are the main source of overestimation of ξ.
It is also worthwhile to mention that, in contrast to the thin films
(planar surfaces), aside from this imperfect equation, there are
no other tools allowing us to determine the thickness of the
interfacial layer in the pores (strongly curved surface). It should
be mentioned that obtained ξ values are comparable to those
determined for other associating materials, i.e., ξ ≈ 2.5−5.5 nm
for hydroxyl-terminated polypropylene glycol (PPG−OH)
infiltrated into const-AAO templates of Dp = 18−35 nm36 and
ξ ≈ 2.5−8 nm for salol incorporated into const-AAO
membranes of Dp = 13−55 nm.38 For comparison, one can

Figure 4. Dielectric loss spectra of 2Ph1E (a−c) and 5Ph1P (d−f) obtained for bulk systems (a, d) and also for alcohols confined in const-AAO
templates of Dp = 40 nm (b, e) and modul-AAO (c, f) membranes.
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also mention that in the case of the primary and secondary
monohydroxyalcohols, 2-ethyl-1-hexanol (2E1H), 2-ethyl-1-
butanol (2E1B), and 5-methyl-3-heptanol (5M3H) infiltrated
into native silica templates of Dp = 4−8 nm, the thickness of the
interfacial layer reaches ξ ≈ 0.5−1.45 nm (calculated from
dielectric data).25,30 In all mentioned cases, ξ was reported to
increase with increasing Dp.

36,38,40 This agrees with our data,
where we can clearly see that the interfacial layer is around 3
times thicker forDp = 40 nm than forDp = 10 nm; see Figure 3c.
Moreover, interestingly, there is only small variation in the
interfacial layers formed by the examined PhAs with the
elongation of the alkyl chain. Note that, for Dp = 40 nm, ξ
decreases with the length of the alkyl chain from 2Ph1E to
4Ph1B and then slightly increases for 5Ph1P to the similar level
to 3Ph1P; see Figure 3d. In addition, ξ seems to be also affected
by heating rate values, where for 5 K/min, the highest and lowest
values of ξ were determined for 2Ph1E and 5Ph1P, respectively
(Figure 3d). In this context, one can assume that observed
differences in Tg,interfacial between both samples result from a
variation in the thickness of the interfacial layers due to the
chemical structure of examined PhAs.
As mentioned above, the behavior of the examined series of

PhAs infiltrated into AAO templates with the modulated pore
diameter (modul-AAO) is completely different from the one
observed in the case of applied const-AAO membranes. As
shown in Figure 1d,h, we can see that recorded DSC signals
reveal only one glass transition process (where Tg,modul ∼ Tg,bulk)
in contrast to those observed for PhAs incorporated within

const-AAO, which exhibits two glass transitions. One can recall
that such a phenomenon was also observed for a series of
hydroxyl- and amino-terminated polypropylene glycols (PPG−
OH and PPG-NH2) of the molecular weight Mn = 2000−4000
g/mol incorporated into modulated alumina pores.28 Combi-
nation of BDS, DSC, and FTIR measurements allowed us to
conclude that the observed “bulk-like” behavior of confined
series of PPG origins from the reduced surface interactions were
due the modulation-induced roughness of the inner pore
surface. Consequently, the interactions of PPGs and pore walls
were weaker in templates of modulated pores with no well-
defined interfacial layer when compared to const-AAO
membranes, leading to the bulk-like behavior. Surprisingly,
herein, we observed the same scenario, which seems to also
suggest the absence or presence of very thin interfacial layer of
PhAs molecules in these systems. Therefore, one can assume
that the behavior of examined nanomaterials is dominated by the
core bulk-like molecules for the sample incorporated into
modul-AAO templates. Surprisingly, it should be highlighted
that the glass transition temperatures of PhAs within modul-
AAO are bulk-like (Tg,modul ∼ Tg,bulk), which might indicate a
negligible finite size effects of applied confinement despite the
fact that the pore size of modulated templates changes within the
range 19 nm < Dp < 28 nm. This stresses the dominant role of
surface effects on the behavior of confined materials.
Furthermore, we performed dielectric measurements. Repre-

sentative dielectric loss, ε″, spectra obtained for bulk 2Ph1E and
5Ph1P and for samples infiltrated into const- and modul-AAO

Figure 5. Comparison of dielectric loss peaks obtained for all measured samples at f ≈ 10 kHz.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c05446
J. Phys. Chem. C 2022, 126, 18475−18489

18481

https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05446?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05446?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05446?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05446?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c05446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


membranes are shown in Figure 4. For all bulk samples, we can
distinguish two relaxation processes, which shift toward lower
frequencies as the temperature decreases: (i) dc-conductivity
related with the ion transport (at lower frequencies) and (ii)
prominent Debye-like (D) relaxation that dominates the
recorded spectra (at higher frequencies, Figure 4a,d). Note
that previous studies on bulk materials assigned this process as
the D-relaxation, characterized by the Havriliak−Negami (HN)
shape parameters close to one (αHN, βHN ≈ 0.9; see Figure S1 in
the Supporting Information).26 As mentioned in the Introduc-
tion, the presence of a dominant Debye-like relaxation is
commonly observed in the dielectric spectra of various
monoalcohols,4,25,30,45 which most likely originates from the
formation of associating structures.13 It can be mentioned that,
often, the dielectric spectra of monohydroxy alcohols also reveal
a structural (α) relaxation process, related to the glass transition
in the high frequency region.25,30,45 Interestingly, in our case we
cannot detect the α-process, suggesting that structural relaxation
and the Debye mode are characterized by similar time scales. A

similar scenario can be observed for PhAs confined within
modul-AAO templates (see Figure 4c,f), in which the dielectric
spectra are comparable to those of bulk systems exhibiting also
the dc-conductivity process.
On the other hand, for alcohols confined in const-AAO

membranes (see Figure 4b,e), we observe a presence of
additional relaxation process located in the middle frequency
range of significantly higher amplitude than the D-relaxation
peak. Considering literature data published for the spatially
restricted samples, this additional process might either be related
to the motions of the molecules adsorbed to the pore walls
(interfacial relaxation)25,46 or the Maxwell−Wagner−Sillars
(MWS) polarization (associated with heterogeneous dielectrics
and connected with conductivity, permittivity, and geometry of
phases).32,47 However, taking into account the dominant
amplitude of this process, we assigned this additional process
as the MWS relaxation. Note that this process will not be
discussed in this paper. In this context, one can mention that we
do not observe any processes related to the dynamics of

Figure 6. Temperature dependences of relaxation time (τ) for 2Ph1E (a) and 5Ph1P (b) in the bulk and in 10 and 40 nm const-AAO and also modul-
AAOmembranes. (c) Debye relaxation times of the bulk versus those determined under confinement for both const-AAO ofDp = 40 nm and modul-
AAO (inset) templates. (d) Glass transition temperatures determined from dielectric data for all investigated systems.
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molecules adsorbed (interfacial mode) on the pore walls.
Herein, it should be commented that the presence of the
additional interfacial process depends on many factors. As
discussed in the literature, the appearance of this mode in loss
spectra depends on the time scale of the mass exchange between
interfacial and core molecules and experiment time.48 Note that
the interfacial process can be present or absent in the loss spectra
when the exchange between both fractions is either fast or slow
with respect to the time of the experiments, respectively. What is
more, the interfacial process is also affected by the magnitude of
dipole moment libration of immobilized molecules as well as
long distance correlation between dipoles.
In order to better characterize the differences between the

systems studied, we decided to compare the shape of the main
relaxation process for each alcohol in the series; see Figure 5. As
it can be seen for all examined materials, the shape of the
dominant relaxation peak is broader (especially in the high-
frequency region) in all confined systems when compared to the
bulk sample. This agrees with the literature data, which clearly
show that both α and Debye-like relaxations for various
compounds exhibiting hydrogen interactions, i.e., PPG deriva-
tives,28,49,50 glycerol,51 or monohydroxy alcohols25 broaden
under confinement regardless of the material (AAO/silica) due
to an increase in the heterogeneity of the molecular mobility
observed in the pores. Additionally for associating materials, the
observed larger distribution of relaxation times for confined
systems can be caused by a different time scale for D and α
processes because of changes in the hydrogen bond population
under confinement.4,52 Note that, due to the confinement-
induced broadening, the observed loss peak is no longer a
Debye-like relaxation; therefore, in the case of confined samples,
we would assign this mode as a dominant relaxation process.
Nevertheless, surprisingly, one can see that the broadest
relaxation peak can be observed for PhAs infiltrated within
modul-AAO templates independent of their molecular weight;
see Figure 5. Note that for 3Ph1P and 4Ph1B, the main
relaxation peak for samples within modul-AAO is even broader
than those for PhAs within const-AAO templates ofDp = 10 nm.
This might indicate that the surface effects generated by the
nanostructurization of the pore wall have a dominant role on the
behavior of confined materials. Moreover, one can assume that
the modulation-induced roughness of the inner pore surface is
an additional source of heterogeneity within those systems,
leading to a significant deviation in the population and strength
of associates. Hence one can recall that the behavior described
herein is consistent with the previous data on a series of PPGs
incorporated within modul-AAO, which show that the α-loss
peak also broadens in the following manner: bulk→ const-AAO
→ modul-AAO.28

In Figure 6a,b, we plotted the representative temperature
dependences of bulk Debye-like and confined dominant
processes relaxation times (τ), obtained for 2Ph1E and 5Ph1P
from the fitting the dielectric data with the HN function with an
additional dc-conductivity term (see the Experimental Section).
As one can see, the τ(T) of PhAs within both applied const-AAO
membranes follows, at higher temperatures, the bulk-like VFT
dependence, whereas upon cooling, τ(T) changes to an
Arrhenius-like behavior at some specific temperature. This
observed “change in the slope” is commonly observed for the
confined systems14,25,31,35−38 and often discussed in terms of
either changes in the dynamical heterogeneities within the glass
formers under confinement conditions48,53 or the vitrification of
the interfacial molecules.35,38,54 In the case of the latter

approach, it is assumed that after vitrification, the mobility of
the interfacial fraction is limited and the systems enter isochoric
conditions, which results in a change in the temperature
dependence of relaxation times.55,56 On the other hand, in the
case of the τ(T) dependence for samples within modul-AAO
templates, we observe that it is almost identical to that for the
bulk, i.e., we do not see this characteristic kink as for const-AAO
pores. Only at very low temperatures can we see a slight
deviation from the bulk dependence, probably due to some finite
size effects. This is further evidence for a very thin or even the
absence of the interfacial layer of molecules in such systems. The
same effect was also observed for a series of PPGs incorporated
in modul-AAO templates.28

To better characterize these changes in τ(T) dependences
among the series of studied alcohols, we plotted the Debye
relaxation times (τD) of the bulk versus those determined under
confinement (τDom) for both const-AAO of Dp = 40 nm (Figure
6c) and modul-AAO (the inset in Figure 6c). As one can see for
const-AAO, such data presentation reveals a pronounced change
in the slope. Note that the dashed and solid lines plotted in
Figure 6c represent two linear fit functions (below and above the
“kink”) applied to find at what τ a change in the trend for
presented dependences occurs. Interestingly, we can see that for
PhAs with “even” lengths of alkyl chain (4Ph1B and 2Ph1E), this
change takes place at log(τD) ≈ −2.1, whereas, for PhAs with
“odd” lengths of alkyl chain (3Ph1P and 5Ph1P), the
dependence breaks at log(τD)≈ −2.6. Interestingly, the changes
in slopes of τ(T) evolutions occur at a comparable relaxation
time, although there are some manifestations of the “odd−even”
effect. In this context, one can recall recent dielectric studies on
the dynamics of a series of aliphatic monoalcohols, 2E1H, 2E1B,
and 5M3H, infiltrated into native and silanized silica templates
of Dp = 4−8 nm,25 which also reported that the changes in the
slope of their τ(T) dependences occurs at similar log(τD) ∼ −1,
independent of their chemical structure and silica pores
modification (inducing a variation in the interfacial energies
between a native and silanized template). This behavior was
discussed in terms of two approaches: (1) alcohol molecules
prefer to form intermolecular H-bonds, rather than bonds with
the template, independent of the pore functionalization,57 and
(2) all materials are characterized by the similar sensitivity of the
structural process to the density fluctuations.49 One can see that
those data agree with the ones presented herein; however, for
examined phenyl alcohols confined in const-AAO templates,
this specific deviation of τ(T) dependences occurs at higher
temperatures when compared to the above-mentioned aliphatic
one. In contrast, for phenyl alcohols infiltrated within modul-
AAO membranes, we observe a perfect linear dependence (R2 =
0.998) of the plotted relationship; see the inset in Figure 6c. This
supports the previously mentioned bulk-like behavior of modul
materials.
In the next step, we determined the glass transition

temperatures for all the studied systems from the dielectric
data. In order to determine Tg for the bulk and modul-AAO
systems, the temperature dependence curves of the relaxation
times, due to their exponential nature, were fitted using a Vogel−
Fulcher−Tamman (VFT) function:58−60
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where τ∞ is the relaxation time at finite temperature, T0 is the
temperature when τ goes to infinity and DT is the fragility
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parameter. Tg values of the bulks were determined as the

temperature at which τ = 100 s by extrapolating the VFT fits.

Herein it should be mentioned that similar results were obtained

from fitting the data with the Avramov equation (see Figure S2

in the Supporting Information). To determine Tg,core for systems

confined in const-AAO templates, their τDom(T) dependences
below Tg,interfacial (after the kink), were fitted with the Arrhenius

equation (due to their linear character):

=
i
k
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y
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zzzzz

E
k T

expD
b (4)

where kb is the Boltzmann constant and ΔE is the activation
energy. Similarly, as in the case of bulk and modul-AAO, Tg,core
was determined from the Arrhenius fit extrapolation up to τ =
100 s. The determined values of glass transition temperatures for
all systems, from the dielectric measurements are shown in
Figure 6d and listed in Table 1. As illustrated in Figure 6d, Tg
values for bulk and modul-AAO membranes are comparable,

Figure 7.Number ofmolecules dynamically correlated during the relaxation process (Nc) calculated for studied alcohols in bulk (a), 40 nm const-AAO
(c), and modul-AAO (e) membranes. Comparison of Nc values, determined for a given temperature, between investigated systems (b, d, f).
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independent of the alcohol chain length. Tg,interfacial of interfacial
molecules for samples confined in const-AAO membranes were
determined from the kink in the plot shown in Figure 6c or
alternatively form the Stickel approach.61 For details, see the
Supporting Information file. The temperature dependences of
the S parameter are shown in Figure S3. As it can be seen, all
S(T) dependences for the pores began to deviate from the bulk
behavior at Tg,interfacial, which values agree with both the high
glass transition temperature determined from calorimetric
measurements and analysis presented in Figure 6c. Additionally,
there is good agreement between values of Tg determined from
both dielectric and calorimetric data (see Table 1), although
there are some differences in the values of Tg values determined
from both experimental methods reachingΔTg ≈ 10−12 K (see
Table 1). Those differences might occur due to different heating
rates applied in both techniques. Note that, comparison of
calorimetric Tg values obtained at different heating rates (Figure
3a,b) shows values ofTg determined for 5 K/min are comparable
to those obtained from the BDS. Nevertheless, it should be
mentioned that despite those differences, the Tg(M) depend-
ences obtained from dielectric data are essentially the same as
those determined from DSC measurements. It is also important
to stress that in the case of const-AAO templates, both Tg,interfacial
and Tg,core are significantly shifted when compared to the bulk
material. Moreover, both Tg values decrease with the elongation
of the alkyl chain; see Figure 6d. However, Tg,interfacial is a few
kelvins higher forDp = 10 nm than forDp = 40 nm, which seems
to be consistent with the literature data. Interestingly, the same
effect is observed for Tg,core.
Furthermore, we decided tomonitor the impact of the applied

confinement on the dynamical heterogeneity of studied
alcohols, for that purpose, we calculated the number of
correlated molecules involved in the observed relaxation
process, Nc, using the following equation proposed by Berthier
et al.62,63 and further modified by Capaccioli et al.:64
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where: ΔCp is the heat capacity change at Tg (per molecule),
βKWW is the stretching parameter of Kohlrausch−Williams−
Watts function, and e is Euler’s number. Note that assuming that
the maximal value of the dynamic susceptibility χ4max was
preidentified with Nc on a time scale of t ∼ τα and the KWW
function [exp(−(t/τα)βKWW)] is used to describe Φ(t); the
number of molecules that are dynamically correlated during the
structural relaxation of supercooled liquids,Nc, can be simplified
as reported in ref 64. Additionally, βKWW was calculated from
HN shape parameters, αHN and βHN, using the following
formula:65

=HN HN KWW
1.23

(6)

Determined temperature dependences of Nc are presented in
Figure 7. Note that for const-AAO systems, we only calculated
Nc at the higher temperature range (above Tg,interfacial) and use
ΔCp at Tg,core in eq 6. As shown in Figure 7a, we observe an
exponential increase in Nc values with decreasing temperature
for all the studied alcohols. In addition, the number of correlated
molecules appears to be similar for all investigated samples; see
Figure 7b. In general, theNc parameter changes in the rangeNc =
115−130; however, it is clearly seen that the values for 2Ph1E
and 4Ph1B are higher than for 3Ph1P and 5Ph1P, which might

be another manifestation of the “odd−even” effect. Never-
theless, it should be mentioned that determined values of Nc as
well as their temperature dependence are more or less similar to
those obtained for other bulk systems exhibiting hydrogen
bonds: 1,6-anhydro-β-D-glucose (Nc ∼ 100)66 and salol (Nc ∼
100).67 For comparison, one can add that in the case of van der
Waals materials, Nc reaches the following values near Tg, i.e., Nc
≈ 20−250 (polymers),68Nc ∼ 500 (propylene carbonate)67 and
Nc ∼ 400 (posaconazole).69

For PhAs confined in const-AAO membranes illustrated in
Figure 7c, the picture is quite different than for the bulks.
Interestingly, there are significant differences between alcohols
containing even (2Ph1E, 4Ph1B) and odd (3Ph1P, 5Ph1P)
number of alkyl groups, both in terms of the Nc value and its
temperature dependence. As shown in Figure 7d, the number of
correlated molecules in samples infiltrated within const-AAO
membranes ofDp = 40 nm changes according to the “odd−even”
effect. Moreover, one can see that the Nc parameter is lower (by
10−30) than that for bulks at the same temperature conditions.
Note that there is one exception, as for 4Ph1B, the value ofNc is
higher for confined systems when compared to the bulk at the
same temperature. One can assume that the reduced values of
correlated molecules is most likely caused by the finite size
effects of applied confinement, which limits the characteristic
length scale of associating molecules. This effect agrees also with
the data reporting significant reduction of the number of
molecules involved in the formation of the chain like structures.
On the other hand, for PhAs confined in modul-AAO

membranes (see Figure 7e), Nc(T) decreases with the
elongation of alkyl chain, which is more similar to that of the
bulk than the one observed for const-AAO systems. However,
surprisingly, values ofNc are significantly lower than those of the
macroscale material. Due to the bulk-like behavior of the modul-
AAO systems, one would expect the Nc values to be close to
those determined for the bulk. Interestingly, the number of
correlated molecules is almost 10 times lower than those
determined for the bulk (Nc,modul−AAO ∼ 10−14; see Figure 7f).
Those values are even smaller than Nc determined for PhAs
incorporated within const-AAO templates of and Dp = 40 nm.
This is quite surprising behavior as, in the case of bulk materials,
it is expected that the variation in Nc should affect the relaxation
times, τ. Nevertheless, in the case of confined materials, this
might not be the case. However, we observed a decrease ofNc for
examined porous materials, the τD(T) of PhAs infiltrate within
modul-AAO remains bulk-like. We assume that this is a result of
a specific counterbalance between confinement-induced factors.
Note that the presence of a constrained medium used to
generate the nanoscale confinement conditions affects signifi-
cantly the molecular dynamics of nanomaterials due to the two
main factors, (1) finite size (where 19 nm <Dp < 28 nm) and (2)
surface effects (including modulation-induced roughness of the
inner pore walls). Both of them affect the density packing and
molecular rearrangement in a different manner. Therefore, we
assume that both of them have their own contribution to the
bulk-like dynamics observed in the case of modul-AAO
membranes despite a reduction of Nc. It should be highlighted
that to the best of our knowledge this is the first study that
follows the change in the number of correlated molecules
involved in the observed relaxation process of samples infiltrated
into porous templates of modulated values of pore sizes.
Therefore, this issue requires further studies.
Lastly, we examine the variation in the glass transition

temperatures as a function of wettability (quantified by contact
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angle, θ) and interfacial energy, γSL. One can recall that, recently,
there have been an increasing number of reports linking
macroscopic parameters, i.e., interfacial energy, with the
magnitude of the confinement effects.31,70 As it was shown for
different glass formers incorporated into AAO templates, there
was a linear increase of glass transition temperatures, assigned as
ΔTg,interfacial = Tg,interfacial − Tg,bulk and ΔTg,core = Tg,bulk − Tg,core
with the increase of γSL.46,67 Therefore, we decided to check if
the observed deviation of Tg values of confined phenyl alcohols
also scales with θ and γSL. Note that values of γSL were calculated
using Young’s equation:

= cosSL S L (7)

where γSL is the interfacial energy, γS is the surface energy (γS =
58,97 mN/m, for Al2O3, T = 298 K), γL is surface tension of
liquids, and θ is the contact angle. Detailed information about
the calculations can be found in refs 34 and 71. Values of all
parameters, θ, γL, and γSL, determined for all studied alcohols are
listed in Table 2. As it can be seen for the contact angle and

surface tension of liquids, both variables decrease with the
increase of the molecular weight of examined PhAs. Note that
values of the contact angle decrease from θ ∼ 14.1−13.3° (for
both 2Ph1P and 3Ph1P) to θ ∼ 9.5° (for 4Ph1B and 5Ph1P).
However, interestingly, the interfacial energy remains constant
(γSL ∼ 21 mN/m) regardless of the length of the chain. The γSL
(and θ) dependences ofΔTg,interfacial andΔTg,core for all examined
confined systems are shown in Figure 8. As observed, all samples
are characterized by similar ΔTg,interfacial and ΔTg,core independ-
ent of the chemical structure of the examined PhAs. This finding
is in agreement with the general trend reported by Alexandris et
al.31 since similar values of γSL lead to a comparable deviation of
the glass transition temperatures. The same scenario can be also
observed for ΔTg(θ) dependences; see the insets in Figure 8.
However, herein, two groups of points for the short (2Ph1E and
3Ph1P) and long alkyl chain (4Ph1B and 5Ph1P) are visible.
Interestingly, the same trend can be detected for both const- and
modul-AAO membranes, blue solid lines in the insets in Figure
8. On the other hand, bothΔTg,core andΔTg,interfacial increase with
increasing pore diameter. The observed relationships between
ΔTg and Dp are in agreement with those reported for PPGs.

49

IV. CONCLUSIONS
In this paper, we monitored the impact of nanoscale confine-
ment on the behavior of a series phenyl alcohols using BDS and
DSC techniques. In the case of the compounds confined within
const-AAOmembranes, we observed the presence of the double
glass transition phenomenon in the calorimetric data, typically
reported for infiltrated materials. On the other hand, application
of the membranes with a modulated pore size (which might be
considered to cause an increased roughness of inner pore walls),
had a significant impact on the behavior of confined PhAs. In

Table 2. Contact Angle (θ), Surface Tension of Liquids (γL)
and Interfacial Energy (γSL) Determined for All Studied
Alcoholsa

sample θ [deg] γL [mN/m]26 γSL [mN/m]
2Ph1E 14.1 38.8 21.1
3Ph1P 13.3 38.3 21.7
4Ph1B 9.3 37.3 22.2
5Ph1P 9.9 37.0 22.5

aAll presented parameters were determined at T = 298 K.

Figure 8. Interfacial energy, γSL, dependences of the shift on the interfacial and core glass transition temperature quantified asΔTg,interfacial =Tg,interfacial −
Tg,bulk andΔTg,core = Tg,bulk − Tg,core for all examined confined systems. Insets in panels (a, b): contact angle, θ, dependences ofΔTg,interfacial andΔTg,core
for all examined confined systems. Solid blue lines indicate the increase of molecular weight of studied materials.
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contrast to const-AAO membranes, materials within modul-
AAO exhibited bulk-like character for a number of parameters
investigated, i.e., lack of second glass transition, high agreement
between Tg,modul and Tg,bulk. Furthermore, for all bulk and
confined samples, the recorded dielectric spectra were
dominated by a pronounced relaxation process (which for the
bulk is Debye-like). Interestingly, in the case of confined phenyl
alcohols, we did not observe any additional relaxation processes,
either structural α relaxation or an interfacial process related to
dynamics of molecules interacting with the pore walls. This
implies no impact on the applied confinement on the time scale
between D and α processes. However, a comparison of the
dielectric loss peak shapes indicated that they are no longer a
Debye type since significant broadening of the dielectric
response function was noted for all confined samples.
Importantly, the width of the dominant process was the largest
for PhAs infiltrated within modul-AAO membranes. It suggests
the greatest dynamical heterogeneity in these systems. More-
over, for PhAs infiltrated in const-AAO templates, a change in
the τ(T) dependence from exponential (VFT) to linear
(Arrhenius) can be observed. Surprisingly, the samples in
modul-AAO membranes revealed a bulk-like behavior in the
whole range of studied temperatures. On the other hand, values
of dynamically correlated molecules involved in the relaxation
process (Nc) calculated for modul-AAO systems were the lowest
from all investigated samples (Nc ≈ 20 molecules near Tg)
despite the observed bulk-like τD(T) dependence. We believe
that the reduction of Nc results from the two major factors finite
size effects and modulation-induced roughness of inner pore
walls. Interestingly, we found that the modulated pore size of the
modul-AAO template has a significant impact on the Debye
relaxation reflecting the population of hydrogen bonds.
Moreover, the performed contact angle and surface tension
measurements showed that there is a correlation between the
direction andmagnitude of the confinement effect and θ (as well
as γSL), as it was previously reported in the literature in the case
of polymers.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c05446.

Temperature dependences of HN shape parameters and
the Stickel (S) parameter, as well as temperature
dependences of relaxation time for bulk 2Ph1E and
5Ph1P fitted to both VFT and Avramov equations (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Magdalena Tarnacka − August Chełkowski Institute of Physics,

University of Silesia in Katowice, 41-500 Chorzów, Poland;
orcid.org/0000-0002-9444-3114;

Email: magdalena.tarnacka@us.edu.pl,
magdalena.tarnacka@smcebi.edu.pl

Authors
Adam Górny − August Chełkowski Institute of Physics,

University of Silesia in Katowice, 41-500 Chorzów, Poland
Sara Zimny − Institute of Chemistry, University of Silesia in

Katowice, 40-006 Katowice, Poland; orcid.org/0000-
0003-3812-1353
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Paluch, M.; Kaminśki, K. Aromaticity Effect on Supramolecular
Aggregation. Aromatic vs. Cyclic Monohydroxy Alcohols. Spectrochim.
Acta Part A Mol. Biomol. Spectrosc. 2022, 276, 121235.
(53) Uhl, M.; Fischer, J. K. H.; Sippel, P.; Bunzen, H.; Lunkenheimer,
P.; Volkmer, D.; Loidl, A. Glycerol Confined in Zeolitic Imidazolate
Frameworks: The Temperature-Dependent Cooperativity Length
Scale of Glassy Freezing. J. Chem. Phys. 2019, 150 (2), 024504.
(54) Tarnacka, M.; Dulski, M.; Geppert-Rybczynśka, M.; Talik, A.;
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