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ABSTRACT: To explore the effects of end groups on the confined crystallization of an alkyl chain, 3-pentadecylphenol (PDP) was
infiltrated into the anodic aluminum oxide template (AAO) to investigate the melting and crystallization behaviors of PDP in a
nanoconfined environment. Wide-angle X-ray diffraction (WAXD) found that the solid−solid phase transition of PDP occurred
under confined conditions, and the absence of the (00L) reflections indicated that the stacking of the end groups of the alkyl chain
layered structure was seriously disturbed. Thermal analysis (TG) showed that the thermal stability of the confined samples decreased
due to the confinement effect, and the introduction of end groups made the confinement effect more obvious. Differential scanning
calorimeter (DSC) results well reflected the space−time equivalence in the PDP crystallization processes, i.e., the solid−solid phase
transition can be achieved by reducing the cooling rate or confining PDP in the nanometer space. Compared with C15, the
introduction of the end groups with a phenol ring led to the disappearance of the solid−solid phase transition of an alkyl chain at
high cooling rates. In the confined environment, the introduction of the end groups with a phenol ring caused the melting double
peaks of the alkyl chain to become a single melting peak, and it also caused the disappearance of the surface freezing monolayer for
alkyl chains. Through the analysis of crystallinity, it was found that AAO-PDP was more sensitive to AAO pore size changes than
AAO-C15, the Xc of AAO-PDP had a good linear relationship with the pore size d, but the Xc of the AAO-C15 had a nonlinear
relationship with the pore size d. Attenuated total reflection (ATR)-IR proved that in the confined environment, the order of the
alkyl chain decreased and the degree of chain distortion increased.

1. INTRODUCTION

In the last two decades, with the development of nano-
technology, great attention has been paid to the space-confined
phase transition, which could slow down the solid−solid phase
transition and separate the processes of crystal growth and
nucleation.1 According to the geometry of the space, it can be
divided into one-dimensional,2,3 two-dimensional,4−8 and
three-dimensional9−12 confined environment. In these con-
fined systems, changes in the crystalline structure and
microscopic morphology cause the physical properties of the
polymer to deviate significantly from the bulk, thereby affecting
its processing and application performance.13 From a purely
crystallographic point of view, the confined space provides an
ideal model, which offers a new perspective for understanding
some basic issues of polymer crystal nucleation and

growth.1,14,15 Meanwhile, for crystalline polymers, nucleation
mechanism, crystal structure, and dynamic characteristics in
the nanoconfined space are different from those of bulk
materials,13,16−19 which can exhibit a series of unique
properties in nanoscale and are widely used in membrane,
fuel cell, and other fields.20−22 Aluminum oxide template
(AAO) template is an inorganic template prepared by the
electrochemical method, which is simple to prepare, with a
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pore diameter from 10 nm to several hundred nanometers,
pore depth from several nanometers to several hundred
microns,23 uniform size, high mechanical strength, and good
thermal stability;20,24 so, it is widely used to study the confined
crystallization of polymers.16,24−26

However, due to the complex crystallization process of high-
molecular-weight polymers, molecular-level understanding of
its microscopic mechanism is still a challenge.27 Normal
alkanes (n-alkanes CnH2n+2, abbreviated as Cn) have a linear
chain molecular structure, which is the basic component of
organic, biological, and polymer systems.10,27−30 Therefore, Cn
are usually used as simple models to reveal the crystallization
properties of polymer systems by studying their melting and
crystallization behaviors under confined conditions.30−40 For
example, by observing the phase transition behaviors of Cn in a
confined environment, researchers could infer the nucleation
mechanism, crystal structure, and dynamic properties of the
polymers at the nanometer scale.1,3,9,10 However, polymers
often have certain end groups due to the addition of
terminators or other reasons in the polymerization process,
which greatly affect their own crystallization and proper-
ties.41−46 For example, Gonzaĺez-Fernańdez et al. prepared
azide-terminated poly(ethylene glycol) (PEGs).47 The pres-
ence of azide end groups caused PEG to form defects in the
crystallization, and the size of the crystal was also reduced,
resulting in a decrease in the melting temperature of PEG.
Therefore, the linear AAO-Cn model maybe cannot well reflect
a series of crystallization changes of end-group-functionalized
polymers in nanospace. Therefore, the crystallization and
melting behaviors of the alkyl chain with end groups in a
confined environment may be more similar to that of confined
polymers. In this paper, 3-pentadecylphenol (PDP)48 with a
phenol ring end groups was selected to replace n-alkanes, and
the melting crystallization behaviors of PDP in a nanoconfined
environment was studied to provide a more reasonable model
for the confined crystallization of end-group polymers.

2. RESULTS AND DISCUSSION
2.1. Morphological Characterization by Scanning

Electron Microscopy (SEM). Figure 1a,b shows the surface
and cross-sectional SEM micrographs of an AAO template
with a pore size of 250 nm before PDP infiltration,
respectively. Figure 1c−j are surface and cross-sectional SEM
micrographs of the 250, 450, 180, and 90 nm AAO-PDP,
respectively. It can be clearly observed from Figure 1 that the
pores of AAO are uniformly distributed, and the inner

diameter of these pores are basically the same and completely
isolated from each other. After PDP infiltration, every
nanopore was nearly filled with PDP.

2.2. Wide-Angle X-ray Diffraction (WAXD). Figure 2
shows WAXD diffraction patterns for PDP and AAO-PDP. As

can be seen from the patterns, the diffraction peaks of bulk
PDP were more complex. There were not only diffraction
peaks of the (110) and (200) crystal planes at 2θ = 21.3 and
23.4° but also diffraction peaks of the (002), (004), (008),
(0010), and (0012) crystal planes. The diffraction curves of
AAO-PDP were relatively simple. Besides the diffraction peaks
at 2θ = 21.3 and 23.4°, a new diffraction peak appeared near
36.3°. This is similar to the diffraction peaks of odd-numbered
alkanes in the confined space;49 the diffraction peaks near
36.3° are the special diffraction corresponding to the (020)
crystal plane of the low-temperature ordered orthorhombic
phase Pbcm (referred as O phase),50 and the peaks near 21.3
and 23.4° are the special diffraction for the (110) and (200)
crystal planes of the rotator phase face-centered orthorhombic
Fmmm (RI).51 It can be seen that under the WAXD test
conditions described herein, the PDP had only a single RI
crystal form, while AAO-PDP had both RI and O crystal forms,
i.e., the PDP underwent a phase separation under confined

Figure 1. SEM micrographs of (a), (b) surface and cross section of pristine AAO template with the diameter of 250 nm. (c), (d) Surface and cross
section of 250 nm AAO-PDP, respectively. (e), (f) Surface and cross section of 450 nm AAO-PDP, respectively. (g), (h) Surface and cross section
of 180 nm AAO-PDP, respectively. (i), (j) Surface and cross section of 90 nm AAO-PDP, respectively.

Figure 2. WAXD patterns of bulk PDP and AAO-PDP. The inner
illustration on the top right corner is the WAXD patterns of only
AAO-PDP samples.
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conditions. At the same time, for AAO-PDP, the RI phase
diffraction peaks (00L) disappeared, indicating that the
stacking of the end groups of the alkyl chain layered structure
was seriously disturbed, or geometric constraints inhibited the
longitudinal expansion of the molecular chain. It can be clearly
seen from the inner illustration of Figure 2 that the intensity of
the O phase diffraction peak (020) gradually increased with the
decrease in the confinement space size, indicating that the
stronger the confinement was, the more favorable the solid−
solid transition was.
To further observe the solid−solid phase before and after

confined PDP, in situ WAXS measurements were performed
on bulk PDP and 250 nm AAO-PDP. As shown in Figure 3a,b,
it can be seen that bulk PDP was a liquid phase at 55 °C, and
the diffraction peaks corresponding to the (110) and (200)
crystal planes of the RI phase appear as the temperature
decreases. There was no diffraction peak corresponding to the
O phase in the heating and cooling processes of bulk PDP.
However, for a 250 nm AAO-PDP (( Figure 3 c,d), the
diffraction peaks corresponding to the (110) crystal plane of
the RI phase and the (020) crystal plane of the O phase
appeared at 55 °C, the (200) crystal plane of the RI phase also
appeared at 25 °C, and the intensity of each diffraction peak at
other temperatures was obviously higher than that at 55 °C.

This is similar to the change of n-hexadecane confined in
microcapsules,27 indicating that the confined environment is
conducive to the solid−solid transition.

2.3. Differential Scanning Calorimeter (DSC) Analysis.
DSC scans of bulk PDP, AAO-PDP, bulk C15, and AAO-C15

samples are shown in Figure 4. During the cooling process
(Figure 4a), bulk PDP had an obvious exothermic peak at 24.6
°C. However, the 450 nm AAO-PDP crystallization peak
appeared to the obvious trail at the same cooling rate. With a
further decrease in the AAO pore size, the single crystal peak
changed into double crystal peaks. For example, the crystal
peaks of 90 nm AAO-PDP appeared at 6.02 and 14.56 °C,
indicating that the PDP underwent a solid−solid phase
transition in the confined space (enlarged view in Figure 4a).
According to WAXD results, the crystal form corresponding to
the crystal peak of bulk PDP was the rotator phase RI, the low-
temperature crystal form of AAO-PDP was the O phase, and
the high-temperature crystal form of AAO-PDP was the RI
phase. It can be seen from Figure 4a that the crystallization
temperature Tc

R (about 14.53 °C) of RI phase AAO-PDP
samples with different pore sizes was approximately the same,
which was about 10 °C lower than that of bulk PDP (24.63
°C). The crystallization temperatures (Tc

O) of 450, 250, 180,
and 90 nm AAO-PDP were 12.06, 10.45, 8.88, and 6.02 °C,

Figure 3. In situ WAXS patterns of (a) heating and (b) cooling processes of bulk PDP, in situ WAXS patterns of (c) heating and (d) cooling
processes of 250 nm AAO-PDP. Cooling and heating rates: 2 °C/min.
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respectively. It can be seen that the Tc
O of AAO-PDP

decreased gradually with the decrease in the AAO pore size,
which indicated that the smaller the confined geometry, the
more obvious the crystallization confinement was. Figure 4c
shows the crystallization curves of bulk C15 and 450 nm AAO-
C15. It can be seen that both bulk C15 and confined C15
exhibited obvious solid−solid phase transitions during the
crystallization process. In addition, the exothermic peak
corresponding to the surface freezing monolayer of C15
appeared on the 450 nm AAO-C15 cooling curve (Figure 4c
inset). For n-alkanes with a chain length from n = 15 to 50, the
surface freezing phenomenon in micro−nanospace has become
a consensus.52 The crystallization of PDP mainly depended on
the movement of pentadecyl chain, so the crystallization of
PDP was similar to that of n-pentadecane, but there were still
some differences. Comparing the cooling curves of bulk PDP
and bulk C15 in Figure 4a,c, we found that the solid−solid
phase transition of the alkyl chain disappeared with the
introduction of the end groups with a phenol ring. At the same
time, the exothermic peak of the surface freezing monolayer of
the alkyl chain disappeared due to the introduction of end

groups with a phenol ring in the confined environment, which
indicated that the end groups had a great influence on the
crystallization of the alkyl chain. The confinement effects of
AAO nanopores consist of finite-size effect53 and interfacial
effect,54 so the confined samples can be nucleated at the pore
wall (surface nucleation) or within the nanopore volume.
Therefore, the volume and polarity of the end groups have a
great influence on the movement of the alkyl chain. The strong
finite-size effect of the bulky phenol ring in the AAO
nanopores led to the weakening of the mobility of the alkyl
chain. At the same time, the introduction of phenol ring
improved the affinity between the confined alkyl chain and the
AAO wall, which affected the movement of the alkyl chain in
the nanopore to a certain extent.
Figure 4b shows the DSC heating curves of bulk PDP and

the AAO-PDP samples. Bulk PDP showed partially over-
lapping melting double peaks on the DSC curve, while AAO-
PDP showed a single melting peak. The melting temperatures
(Tm) of 450, 250, 180, and 90 nm AAO-PDP were 49.93,
50.21, 50.77, and 49.76 °C, respectively. The values Tm of the
AAO-PDP samples were approximately the same, which was

Figure 4. DSC cooling (a) and (b) heating curves of bulk and AAO-PDP samples. DSC cooling (c) and heating (d) curves of the bulk C15 and
AAO-C15 samples. The illustration on the top right corner of a,c are the enlarged view in the dashed box. The illustration on the bottom right
corner of d is the enlarged view in the dashed box. Cooling and heating rates: 10 °C/min.
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independent of the nanopore sizes, indicating that there was
only one crystal type in AAO-PDP when the crystallization was
completed, and the stability and grain size of the crystal were
basically unchanged. However, bulk PDP showed partially
overlapping double melting peaks at 49.26 and 53.49 °C,
which is very common in the melting processes of semicrystal-
line polymers.55 This phenomenon proved that the crystal-
lization of PDP is more similar to that of semicrystalline
polymers, so the simulation of the confined crystallization of
semicrystalline polymers by PDP is more realistic than that of
n-alkanes. Figure 4d shows the melting curves of bulk C15 and
450 nm AAO-C15. Both bulk C15 and AAO-C15 showed two
melting peaks with a temperature difference of about 13 °C,
while there was only a partially overlapping melting peak in
bulk PDP (Figure 4b). Also, AAO-PDP always showed only
one melting peak, which indicated that the introduction of end
groups also had a great influence on the melting behaviors of
alkyl chains. The reasons for the double melting peaks are that
two crystal structures in the crystallization process, and
different morphologies in the crystallization process (such as
the thickness, distribution, integrity, or stability of the

lamellae), or the influence of melting and recrystallization
(during the recrystallization process, defects are embedded in
the crystal grains, and the defects melt first), etc.56−58

To evaluate the melting and crystallization behaviors of the
AAO-PDP samples more clearly, the DSC measurements were
performed at different melting and cooling rates of 10, 5, 3, 2,
and 1 °C/min. For bulk PDP, only one phase transition
emerged during the cooling process (Figure 5a) when the
cooling rates were 10 and 5 °C/min, which was related to the
phase transition between the RI phase and the liquid phase.
However, when the cooling rates changed to 3, 2, and 1 °C/
min, it can be observed that there was an extra small sharp
exothermic peak in bulk PDP, indicating that the two phase
transitions occurred at the low-speed cooling rates. One of
them corresponded to the process in which the isotropic liquid
transformed into the metastable phase RI, the other
corresponded to the process in which the metastable phase
RI transformed into the stable orthorhombic phase O. For the
AAO-PDP samples, as shown in Figures 5b and 6, two
exothermic peaks were detected during all of the cooling
processes, corresponding to the transformation of the isotropic

Figure 5. DSC cooling curves of bulk PDP (a) and AAO-PDP samples (b) at different cooling rates. DSC heating curves of bulk PDP (c) and
AAO-PDP samples (d) at different heating rates. The cooling and heating rates were 10, 5, 3, 2, and 1 °C/min, respectively. The inserted figure on
the bottom left corner of (c) is the cold crystallization peaks of bulk PDP during the heating process at the rate of 5 and 10 °C/min.
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liquid into the metastable phase RI and the transformation of
the metastable phase RI into the stable orthorhombic phase O,
respectively. Compared with the new exothermic peaks of bulk
PDP at the low cooling rates, the two exothermic peaks of
AAO-PDP were obvious at any cooling rates.
As shown in Figure 5c, at all selected heating rates, the

melting double peaks can be observed during the heating
processes of bulk PDP. Also, as the heating rate decreased, the
overlapping melting double peaks gradually became two
independent endothermic peaks. It can be confirmed that
when the corresponding cooling crystallization was completed,
bulk PDP had two different crystal forms,59 and the melting
temperatures of the two crystals were different, resulting in
melting double peaks. In other words, the metastable phase
with imperfect crystallization formed the low-temperature
melting peak, while the stable phase with perfect crystallization
formed the high-temperature melting peak.60 The low-
temperature melting peak (Tm1) corresponded to the
metastable RI phase, and the high-temperature melting peak
(Tm2) corresponded to the low-temperature ordered phase O.
From Figures 5c and 7c, it can be clearly observed that bulk
PDP had a small cold crystallization peak during the heating

process at the rates of 5 and 10 °C/min. The appearance of a
cold crystallization peak also proved that the crystal growth of
bulk PDP was imperfect in the process of rapid cooling
crystallization. For the AAO-PDP samples (as shown in
Figures 5d and 7b,d), only a single melting peak (correspond-
ing to the low-temperature ordered phase O) was observed at
different heating rates, indicating that there was only one
crystal form at the end of the crystallization process. From the
above comparison, it can be concluded that the phase
transition processes of bulk PDP and AAO-PDP reflected a
certain space−time equivalence, i.e., the phase transitions of
PDP can be achieved by reducing the cooling rate or confining
PDP in the nanometer space.
As shown in Table 1, the supercooling temperature ΔTR→O

(ΔTR→O = Tc
R − Tc

O) between the RI→O transformation of
AAO-PDP was about 9 °C and that between the RI→O
transformation of bulk PDP was 2−4.5 °C. The higher degree
of supercooling temperature made the crystalline trans-
formation of AAO-PDP more thorough than that of bulk
PDP. The metastable phase RI of AAO-PDP completely
transformed into the stable phase O, while bulk PDP only
partially transformed the metastable phase RI into the stable

Figure 6. DSC cooling curves (a), (c) of bulk PDP and AAO-PDP samples, respectively, and (b), (d) only AAO-PDP samples (cooling rates were
2 and 5 °C/min). The inserted figures on the top left corner of (a, c) are the cooling curves of 20 nm AAO-PDP.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02112
ACS Omega 2021, 6, 18235−18247

18240

https://pubs.acs.org/doi/10.1021/acsomega.1c02112?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02112?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02112?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02112?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


phase O. This can be evidenced by the fact that bulk PDP had
a double melting peak and AAO-PDP had only a single melting
peak.
It should be noted that when the heating rate was 10 °C/

min, the melting points of AAO-PDP with different pore sizes
were basically the same (Figure 4b). However, when the
heating rate decreased, the melting point of 90 nm AAO-PDP
(Tm

90) reduced significantly (Figure 4d), which was about 10
°C lower than that of the heating process at 10 °C/min. This
phenomenon may be caused by the thermal overshoot of PDP
during rapid heating in the nanometer confined environment.
Also, as shown in Figure 7, when the heating rate decreased,

the Tm
90 was about 10 °C lower than other size-confined

PDPs. To eliminate accidental errors, we infiltrated the PDP
into a smaller space (20 nm). It can be seen from Figure 7 that
the melting point of 20 nm AAO-PDP (Tm

20) was similar to
Tm

90 at the heating rates of 5 and 2 °C/min and Tm
20 and Tm

90

were about 10 °C lower than the Tm of AAO-PDP of other
sizes. This indicated that when the confinement effect
strengthened, the stacking interference of the end groups
(−CH3 and phenol ring) of the PDP layered structure also
became stronger. The diameter of the PDP molecular chain is
close to the nanometer level and the phenol ring part is
relatively large.61 Therefore, when the size of the confined

Figure 7. Heating thermograms of (a), (c) bulk and AAO-PDP samples, respectively, and (b), (d) only AAO-PDP samples, respectively (heating
rates are 2 and 5 °C/min, respectively).

Table 1. Crystallization, Melting Temperature, and Supercooling of Bulk and AAO-PDP at Different Heating and Cooling
Rates

Tc
R/°C Tc

O/°C Tm1/°C Tm2/°C ΔTR→O/°C

bulk 90 nm 3 °C/min 27.90 25.64 48.60 52.28 2.26
2 °C/min 29.58 27.26 48.15 51.83 2.36
1 °C/min 30.58 26.14 47.66 51.73 4.44
3 °C/min 16.18 6.88 39.41 9.30
2 °C/min 16.40 7.12 39.24 9.28
1 °C/min 16.70 7.62 38.75 9.08
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space is less than 100 nm, the molecular chain accumulation is
greatly disturbed, which leads to the reduction of molecular
freedom and a sharp decline in crystal stability.
Through the above analysis, the movement of the molecular

chain of PDP during the melting and crystallization processes
can be obtained. The movements of the molecular chain of
bulk PDP and AAO-PDP during the cooling and subsequent
melting processes are shown in Figure 8; the chain movement
of bulk PDP varied with the cooling and heating rates, while
the molecular chain movement of AAO-PDP remained
unchanged at any cooling and heating rates.

2.4. TG Analysis. According to the TG analysis (Figure
9a), bulk PDP began to decompose at 314.6 °C, while 450,
250, 180, and 90 nm AAO-PDP began to decompose at 245.9,
218.7, 199.5, and 196.9 °C, respectively. It can be seen from
Figure 9b that bulk PDP reached the maximum thermal
decomposition rate at 347.1 °C, and 450, 250, 180, and 90 nm
AAO-PDP reached the maximum thermal decomposition rates
at 278.4, 251.2, 237.5, and 228.5 °C, respectively. As shown in
Figure 9c,d, bulk C15 began to decompose at 129.3 °C and
reached the maximum decomposition rate at 193.2 °C.
However, the AAO-C15 sample began to decompose at about
40 °C and reached the maximum thermal decomposition rate
at about 150 °C. By comparing the thermal decomposition
processes of AAO-PDP and AAO-C15, we found that the
thermal stability of both AAO-PDP and AAO-C15 decreased.
The thermal stability of AAO-PDP decreased with the decrease
in the confined space size, but the thermal stability of AAO-C15
hardly changed with the decrease of the confined space size. At
the same time, we found that the thermal stability of PDP
decreased more obviously than that of C15, the thermal
decomposition process of AAO-PDP showed one-step weight
loss, while that of AAO-C15 showed two-step weight loss. Also,
as shown in Figure 9e,f, at the heating rates of 15, 10, and 5
°C/min, the temperature differences corresponding to the
maximum thermal decomposition rates of bulk PDP and 450
nm AAO-PDP were 62.2, 68.6, and 62.7 °C, respectively. The
temperature differences at different heating rates were not
much, so it can be proved that the thermal stability of the
confined samples decreased due to the confinement effect, and
the introduction of an end group made the confinement effect
more obvious. The end groups with a phenol ring in the
confined space were too bulky to be arranged regularly,

resulting in the terminal defects and kinking defects in the
molecular chain, which ultimately led to a decrease in the
thermal stability of the PDP crystal.

2.5. Crystallinity Analysis. We used the total enthalpy
method62 to calculate the crystallinity Xc of the bulk samples
and the confined samples.

X H w H/(1 )c m f= Δ − Δ (1)

where ΔHm is the fusion enthalpy of the PDP and C15, which
were obtained from Figure 4. ΔHf is the fusion enthalpy for
100% fully crystalline PDP and C15. w is the mass percentage of
AAO in the AAO-PDP and AAO-C15 samples, which was
obtained by the TG results. To eliminate the influence of DSC
heating rate, we replaced ΔHf with equilibrium fusion enthalpy
ΔHm

0. The fusion enthalpies of bulk PDP and C15 were
measured at the heating rates of 10, 5, 3, and 2 °C/min,
respectively. Then, a straight line (Figure 10a) was drawn with
the heating rates as the horizontal axis and the fusion
enthalpies as the vertical axis. The equilibrium fusion
enthalpies ΔHm

0 were obtained when the heating rates were
equal to zero, i.e., ΔHm

0 of PDP was 173.88 J/g and ΔHm
0 of

C15 was 160.09 J/g. The ΔHm and w of each sample at the
heating rate of 10 °C/min were substituted into eq 1 to obtain
the crystallinity of the bulk samples and the confined samples,
the crystallinity of bulk PDP was 99.5%, and the crystallinity of
bulk C15 was 97.0%, and the relationship between the
crystallinity of the confined samples and the pore size is
shown in Figure 10b. It can be seen from Figure 10b that
under the same confined conditions, the crystallinity of PDP
and C15 gradually decreased with the decrease in AAO pore
size, and the crystallinity of C15 was higher than that of PDP.
At the same time, by fitting Xc of the confined samples and the
pore size d of AAO, we found that Xc of AAO-PDP had a good
linear relationship with the pore size d, but Xc of AAO-C15 had
a nonlinear relationship with the pore size d. These results
indicated that AAO-PDP was more sensitive to the AAO pore
size changes than AAO-C15, further proving that the
introduction of end groups made the confinement effect
more obvious.

2.6. ATR-IR Analysis. Figure 11 shows the ATR-IR spectra
of bulk PDP and 90 nm AAO-PDP. Compared with those of
bulk PDP, some of the characteristic peaks of AAO-PDP
shifted, and the intensity of some characteristic peaks
decreased. For bulk PDP, the antisymmetric and symmetric
stretching vibrations of −CH2 appeared at 2915 and 2848
cm−1, indicating that the alkyl chain was highly ordered and
existed in an all-trans conformation.63 The characteristic peaks
at 1456 and 1360 cm−1 were the asymmetric and symmetric
deformation vibrations of −CH3.

61,63 After being confined, the
antisymmetric stretching vibration of −CH2 shifted from 2915
to 2928 cm−1, the symmetric stretching vibration of −CH2

shifted from 2848 to 2860 cm−1, the asymmetric deformation
vibration of −CH3 shifted from 1456 to 1468 cm−1, and the
symmetric deformation vibration of −CH3 shifted from 1360
to 1370 cm−1. The intensity of the above characteristic peaks
also decreased, of which the decrease of the intensity of the
characteristic peak at 1468 cm−1 corresponded to the
disappearance of the (00L) diffraction peak in WAXD. This
proved that in the confined environment, the order of the alkyl
chain decreased and the degree of chain distortion increased.

Figure 8. Movement of the molecular chain of bulk PDP and AAO-
PDP during the cooling and subsequent melting processes (high rates:
10 and 5 °C/min; low rates: 3, 2, and 1 °C/min).
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3. EXPERIMENTAL SECTION

3.1. Materials and Sample Preparation. 3-Pentadecyl-
phenol (PDP, C21H36O, Mw = 304.5 g/mol) was produced by
Tokyo Chemical Industry Co., Ltd. n-Pentadecane (C15H32,
Mw = 212.41 g/mol, purity ≥99.8%) and cyclohexane (C6H12,

Mw = 84.16 g/mol, purity ≥99.5%) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. The AAO
templates with a thickness of about 60 μm and pore diameters
of 90, 180, 250, and 450 nm were bought from Hefei Pu-Yuan
Nano Technology Limited Company. Before use, the AAO

Figure 9. (a) Thermogravimetric (TG) and (b) derivative thermogravimetry (DTG) curves of bulk PDP and AAO-PDP samples. (c) TG and (d)
DTG curves of bulk C15 and AAO-C15 samples. Heating rate: 10 °C/min. DTG curves of (e) bulk PDP and (f) 450 nm AAO-PDP at different
heating rates.
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templates were first cleaned with ethanol and water to
eliminate the influence of impurities and then dried in a
vacuum oven at 100 °C for 12 h. The PDP powder was dried
in a vacuum at 40 °C for 12 h before use. PDP was infiltrated
into AAO pores with different pore sizes (90, 180, 250, 450
nm) by the melt infiltration method, and PDP confined
samples (90, 180, 250, 450 nm AAO-PDP) were thus
obtained. As shown in Figure 12, a thin layer of PDP powder
with a mass of 50 mg was evenly tiled on the surface of the
AAO template and then annealed at 100 °C for 3 h in a
vacuum oven. After melt infiltration, to remove excess PDP
from the surface of the AAO templates, four steps were taken.
First, excessive molten PDP on the surface of the templates
was cleaned with lens paper at a temperature above the melting
temperature of bulk PDP. Second, excess PDP power on the
surface of the AAO template was scraped with a sharp blade
below the crystallization temperature of bulk PDP. Third, the
samples were further polished by fine-grade sandpaper at room
temperature. Finally, the surface of the templates was scrubbed
with a lens paper, which was moistened with cyclohexane, and
then samples were placed in a vacuum for several hours to

ensure that cyclohexane was fully volatilized. The preparation
of n-pentadecane confined samples (AAO-C15) was similar to
that of the PDP confined samples.

3.2. Characterization. A Zeiss Merlin Compact scanning
electron microscope (SEM), operated at 5 kV, was utilized to
examine the surface and cross-sectional morphology of the
AAO-PDP samples. WAXD measurements were performed on
a D8 Advance A25 diffractometer (AXS, Germany) in the 2θ
range from 3 to 60° at a scanning rate of 2 °/min at room
temperature. The WAXD data were collected using Cu Kα
radiation (λ = 0.154 nm). The voltage and current were set at
40 kV and 40 mA, respectively. In situ WAXS were performed
on a Rigaku Smartlab diffractometer at heating and cooling
rates of 2 °C/min. First, the samples were heated from 0 to 60
°C and kept at 60 °C for 3 min. Then, the samples were cooled
from 60 to 0 °C. Finally, the samples were heated from 0 to 60
°C. The samples were scanned during the heating and cooling
processes and equilibrated at each test point for 5 min before
scanning. Thermal analysis was conducted with a differential
scanning calorimeter (DSC Q20, TA) under the nitrogen
atmosphere with a flow rate of 50 mL/min. Before the
measurement, the temperature and heat flow at different
heating rates were carefully calibrated with indium. Samples of
4−6 mg were weighed accurately and encapsulated in
aluminum pans. First, the samples were heated from 20 to
100 °C at the heating rate of 10 °C/min and held for 5 min to

Figure 10. (a) Relationship between heating rate and ΔHm. (b) Relationship between AAO pore size d and the crystallinity of confined samples.

Figure 11. ATR-IR spectra of bulk PDP and 90 nm AAO-PDP.

Figure 12. Brief preparation process of the AAO-PDP samples.
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eliminate the thermal history. Then, the samples were cooled
to −20 °C at the cooling rate of 10 °C/min and heated back to
100 °C at the heating rate of 10 °C/min. Finally, the cooling
and heating rates were changed to 5, 3, 2, and 1 °C/min, and
the above operations were repeated. The TG analysis of the
bulk and AAO-PDP samples were accomplished on a thermal
gravimetric analyzer (NETZSCH STA 449F3) under nitrogen
purge. The samples were heated from 30 to 600 °C at the
heating rate of 5, 10, and 15 °C/min.

4. CONCLUSIONS

In summary, our study reported the crystallization and melting
behaviors of bulk PDP and AAO-PDP samples. The space−
time equivalence was well reflected in the PDP crystallization
processes; in other words, AAO-PDP exhibited thorough
solid−solid phase transitions at any selected cooling rates,
while bulk PDP exhibited incomplete solid−solid phase
transitions only at low cooling rates. Thus, in the process of
research or production of phase change materials, the solid−
solid phase transition can be achieved by reducing the cooling
rate or confining the materials in the nanospace. Bulk PDP
exhibited overlapping double melting peaks and cold
crystallization peaks, indicating that the solid−solid phase
transition of bulk PDP during the corresponding crystallization
process was not thorough enough, and there were two crystal
types when the crystallization was completed. For the AAO-
PDP samples, only one single melting peak was observed at
different heating rates, but bulk PDP showed partially
overlapping double melting peaks, which is very common in
the melting processes of semicrystalline polymers. This proved
that the crystallization of PDP is more similar to that of
semicrystalline polymers; so, the simulation of confined
crystallization of semicrystalline polymers by PDP is more
realistic than that of n-alkanes. In a confined environment, the
arrangement of the bulky phenol rings in the nanopore was
strongly confined, which made the movement of the alkyl
chain lose part of the “independent consciousness”, resulting in
the disappearance of the surface frozen monolayer and
resulting in the change of double melting peaks to a single
melting peak. Under the same confined conditions, the
crystallinity of PDP and C15 gradually decreased with the
decrease of the AAO pore size, but AAO-PDP was more
sensitive to AAO pore size changes than AAO-C15, which
proved the introduction of end groups made the confinement
effect more obvious. Thus, this showed that we can adjust the
crystallization behaviors by introducing side chains or end
groups within a confined space.
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