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ABSTRACT

The melt memory effect is well-known in polymer crystallization. It is caused by self-nuclei that
persist above the melting temperature. The origin and physical nature of self-nuclei are still under
debate. In this work, we studied the effect of confinement on the self-nucleation behavior of two
typical semicrystalline polymers: poly(e-caprolactone) (PCL) and poly(butylene succinate) (PBS)
using anodic aluminum oxide (AAQO) templates. The density of AAO nanopores covers a range of
10" ~ 10" ecm™. Narrowing of the self-nucleation region (Domain II) with a decrease of AAO
diameter was observed for both infiltrated PCL and PBS, indicating the suppression of the
self-nucleation effect. When the diameter of AAO is below 60 nm, Domain II vanished. Further
analysis indicated that Domain Ila (melt memory region) vanished first, followed by Domain 1Ib
(self-seeding region). The results provide a method of estimating the self-nuclei density of

different polymers at different temperatures.

1. INTRODUCTION

A unique feature of polymer crystallization is the “melt memory effect”.'™ In a typical
differential scanning calorimetry (DSC) experiment’ performed to study the self-nucleation
behavior, when a semi-crystalline polymer is heated to a temperature (denoted self-nucleation
temperature or 75) that is high enough to erase the “thermal history”, the polymer will show an
identical crystallization temperature during subsequent cooling, independent of 7s. This behavior
is characteristic of “Domain I’ where all crystalline memory is lost (also called melting Domain).
If T5 is not high enough to reach the isotropic melt state, the sample will crystallize at a higher
temperature during cooling with decreasing 7s. However, the melting temperature is essentially
unaltered. This T region is called “Domain II or Self-nucleation Domain”. Reducing Ts even
further, the material enters “Domain III” or self-nucleation and annealing domain. As T is too low,
the sample is only partially melted. Unmelted crystals will be annealed during the time that the
sample stays at Ts, and a higher melting peak will be seen in the second heating, after cooling from

T;. The reason for the enhanced crystallization in Domain I is the existence of self-nuclei at Ts.

Domain II has been further divided into two sub-domains based on the different origins of the



self-nuclei® *: (a) Domain Ila, at temperatures higher than the T, at which the melting peak
completely disappears in a DSC heating trace, i.e., where all the polymer crystals are completely
molten but without erasing the melt memory in the higher temperature range of Domain II; (b)
Domain I1b; where some crystal fragments are left to act as self-seeds in the low part of Domain I1.
Domain Ila corresponds to the melt memory Domain, while Domain IIb is the self-seeding
Domain. The entire Domain II is termed the self-nucleation Domain, as it encompasses all types
of self-nuclei capable of enhancing nucleation density in the material (i.e., self-seeds and melt

memory effects).

The self-nucleation phenomenon has been observed under conditions of solution crystallization
and melt crystallization in homopolymers and copolymers.®> In general, the nucleation density
becomes larger and consequently, the spherulitic size becomes smaller in Domain I1.> The typical
concentration of self-nuclei under ideal 7% is in the range of 10°-10'? cm™.3 It is noted that the
transition temperatures of domains are influenced by the experimental parameters including the

time spent at T, and heating/cooling rate.®

The origin of self-nuclei has been interpreted as crystalline remnants®’, residual orientation of

° . Different characterization

chain segments®, topological effects®, or metastable melt states
methods have been applied to detect the structure of self-nuclei” '>!2. However, no conclusive
result has been obtained. Recently, rheological techniques and dielectric relaxation spectroscopy
were shown to be capable of detecting the difference between the isotropic and self-nucleated
melts.!*"15 It was observed, that the time-temperature superposition (TTS) failed in self-nucleated
propylene-ethylene  copolymers’>. A more dramatic difference was observed in
poly(e-caprolactone) (PCL). The self-nucleated PCL exhibited higher viscosity, higher flow
activation energy, higher plateau modulus, and lower electrical permittivity value as compared to
the isotropic melt.!* !> Liu et al.'® has observed a narrowing of Domain II when the density of
hydrogen bonds is diluted by increasing the number of methylene in polyamide (PA). The
relationship between melt memory and intermolecular interactions was further demonstrated in a

series of polycarbonates, polyesters, polyethers, and polyamides.!” In copolymers, Hu and Alamo

have shown that the strong melt memory effect is attributed to the clusters of long ethylene



sequences in a “heterogeneous melt”.!% 18

Confinement influences the melt memory effect significantly. When a polymer is divided into
microdomains, the nucleation process will be confined to each microdomain. Classical
self-nucleation behavior has been reported in block copolymers when the melt is miscible or
weakly segregated or when the segregated crystalline phases are interconnected, such as in

lamellar or cylindrical phases.!'”?!

For crystallization in block copolymer with isolated
microdomains (cylinders or spheres), Domain II vanishes possibly because the number of
microdomains is much larger than that of self-nuclei generated or because of the macromolecular
topological effects caused by strong confinement.!” 2> Vanishing of Domain II has also been

observed in poly(butylene terephthalate)/reduced graphene oxide nanocomposite® and

methoxypolyethylene glycol (MPEG) grafted onto nanosilica.**

Although many interesting observations have been reported for the self-nucleation effect of
polymers under confinement, the effect of domain size has not been explored yet. A disadvantage
of using block copolymers as the model system is that the size of domains cannot be tuned in a
broad range while maintaining the same morphology. On the other hand, the confinement size of
nanocomposites is not well-defined. Anodic aluminum oxide templates (AAQO), with isolated,
uniform cylindrical microdomains covering a diameter range of 500 nm to 10 nm, have been used
as an ideal model system to understand the crystallization under confinement.?>?® It has been
demonstrated that the crystallization of polymers changes under confinement in AAQO. The results

in the literature indicate that polymers undergo a transition of nucleation mechanism from

29, 30 31-34

heterogeneous to homogeneous or surface nucleation , preferred crystal orientation’ %,

35-38

“nucleation-dominated” crystallization kinetics*>™~°, and metastable crystalline modification and

retarded polymorphic transition® 4.

In this work, we examine the effect of confinement on the self-nucleation Domains of two
typical semicrystalline polymers: PCL and poly(butylene succinate) (PBS) within AAO. The
reason for selecting these two polymers is the relatively broad temperature range of Domain 11,
which includes both Domain Ila and Domain IIb. The diameter of the AAO nanopores varied from

20 nm to 400 nm. For the first time, we show a continuous change of the width of the



self-nucleation Domain as a function of nanopore size.
2. EXPERIMENTAL SECTION
2.1. Materials and Sample Preparation.

PCL and PBS were purchased from Sigma Aldrich. The number-average molecular weight (M;)
and the polydispersity index of PCL are 10,000 g/mol and 1.4, respectively. The PBS has a
weight-average molecular weight (My,) of 15,000 g/mol. The AAO templates with pore diameters
(@) of 400, 200, 100, 60, 40, and 20 nm were supplied by Shanghai Shangmu Technology Co. Ltd.
The lengths of the AAO pores are approximately 100 pm for all the templates. The AAO templates

were degassed under vacuum at 200 °C for 2 hours before infiltration.

The infiltration of PCL and PBS was performed in a home-made vacuum chamber with a
temperature controller. After cooling down to room temperature, polymer films were placed on the
surface of AAQO, followed by treatment at 100 °C (for PCL) or 180 °C (for PBS) under vacuum for
5 h and then under a nitrogen atmosphere for 5 h. According to the procedure recommended by
Shi et al.,*! the residual polymer on the surface of AAO was carefully cleaned with a sharp blade
and gauze at a temperature where the polymer is in a molten state, and then further cleaned using a

mixture of chloroform and ethanol (volume ratio 1:1) at room temperature.
2.2. Characterization.

A Hitachi S-4800 scanning electron microscope (SEM) was utilized to examine the AAO
templates and confined polymer samples. To observe PCL and PBS nanorods within the AAO
templates, the templates filled with polymer were fractured. The microscope was operated at 10

kV. Before SEM observations, the samples were coated with gold.

A heat-flux DSC (Q 200, TA) was used to examine the thermal behavior of the samples. The
calorimeter was calibrated with indium before experiments. The polymer-infiltrated AAO samples
with a mass of 6~10 mg were sealed in aluminum pans. All the measurements were carried out
under a helium atmosphere with a flow rate of 25 mL/min. For PCL, the scanning range was
between -80 °C and 90 °C. For PBS, the samples were scanned between -40 °C and 140 °C. The

heating and cooling rates were 20 °C/min. The heat flow of the infiltrated samples was normalized



by the total mass of the AAO template and polymer inside it. Thus, the absolute values of the heat

flow have no physical meaning.

The thermal protocol of the self-nucleation experiments using DSC is shown in Figure 1, based

on Fillon et al.? and later references.® * This protocol consists of several steps as follows:

(1) Heat to a temperature at about 30 °C above the melting temperature of the sample for 3 min
to erase the thermal history. PCL and PBS samples were heated to 90 °C and 140 °C,
respectively.

(2) Cool at 20 °C/min down to a low temperature at which the non-isothermal crystallization
process has finished, to obtain the standard crystallization temperature and standard
crystalline state of the sample.

(3) Heat at 20 °C/min to a temperature denoted as self-nucleation temperature (75) and keep for
5 min.

(4) Cool from T5 to the chosen lower temperature limit at 20 °C/min.

(5) Heat at 20 °C/min to the temperature established in step (1) to erase the thermal history.

(6) Repeat steps 3-5 to get the three characteristic domains.

Three different self-nucleation domains can be defined depending on 7s: In Domain I, the
sample is completely molten into a homogeneous melt, and the crystallization temperature is
independent of 7s. Domain II shows higher crystallization temperature (due to the nucleating
effect of self-nuclei, i.e., produced by melt memory in Domain Ila and produced by self-seeds in
Domain IIb) but no effect on the melting temperature. In Domain I, crystals are not completely
molten. Therefore, the sample will be self-seeded and the residual unmolten crystals will be
annealed, showing an increased 7; and an additional melting peak corresponding to the annealed

crystals.
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Figure 1. Thermal protocol of a self-nucleation (SN) experiment.

3. RESULTS AND DISCUSSION

3.1. Morphology of PCL and PBS within AAO Nanopores.

Figure 2. SEM micrographs of AAO templates and infiltrated samples: top view of empty AAO
with @ =400 (a) and @ = 100 nm (b); cross-sectional images of empty AAO with @ =400 nm (c);
top view of the infiltrated PCL inside the AAO with @ = 400 nm (d) and @ = 100 nm (e);
cross-sectional view of the infiltrated PCL inside the AAO with @ = 400 nm (f); top view of the
infiltrated PBS inside the AAO with @ = 400 nm (g); cross-sectional view of the infiltrated PBS

inside the AAO with @ =200 nm (h) and @ =100 nm (i).

Figure 2 shows the SEM images of AAO templates and polymer nanorods. The appearance of



the surface of empty AAO templates with diameters of 400 nm and 100 nm respectively (Figures
2a and 2b) indicates the diameter of the pores is uniform. Figure 2¢ shows the cross-section of a
400 nm empty AAO template, revealing that the pores are parallel and no interconnection is
present among them. The surface of the AAO template after infiltration with PCL is shown in

Figure 2d and 2e.

Figure 2f shows the cross-sectional morphology of a 400 nm AAO template infiltrated with
PCL. It is clear that most of the nanopores are filled with polymer and there is no residual polymer
on the template surface. A clean surface is essential for studying polymer crystallization within
AAO nanopores.*! For PBS, the top view of the 400 nm PBS-infiltrated AAO template is shown
in Figure 2g. The side views of the 200 nm and 100 nm PBS-infiltrated AAO templates are shown
in Figures 2h and 2i. Nanofibers are formed exhibiting a similar diameter with the nanopores of
the respective AAO templates. These results indicate that the infiltrated PCL and PBS within AAO

nanopores are in an ideal two-dimensional confinement environment.

3.2. Crystallization and Melting Behavior.
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Figure 3. DSC cooling (a, b) and subsequent heating scans (c, d) of infiltrated PCL and PBS in

AAO nanopores. Both the cooling and heating rates are 20 °C/min.

Figure 3 shows the DSC cooling/heating scans of bulk and infiltrated PCL and PBS within
AAO nanopores. The peak crystallization temperature (7¢) of bulk PCL is 32 °C. Within 400, 200,
100, 60, and 20 nm AAO nanopores, the 7. of PCL decreases to 26, 17, -31 -36, and -54 °C,
respectively (see Figure 2a). For PBS, as shown in Figure 3b, the bulk PBS crystallizes at 70 °C.
Confined in AAO nanopores, the 7. decreases to 45, 36, 27, 26, and 21 °C as the diameter of
nanopores decreases from 400 nm to 40 nm. Figure 3¢ and 3d show the DSC heating traces of
bulk and infiltrated PCL and PBS. Although the melting peak shape changes with the size of the
pores, the melting temperatures (7m) of all the PCL and PBS samples under different environments

are roughly the same.
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Figure 4. T, and T; of infiltrated PCL (a) and PBS (b) within AAO as a function of pore density.
The density of nanopores was calculated according to their volume assuming that they are fully

filled with polymer.

Figure 4 shows the Ty, and 7. of infiltrated PCL and PBS in AAO templates (the exact values
are summarized in Table 1) as a function of nanopore density. As the density of nanopores
increases, the number of microdomains becomes much higher than that of the heterogeneous

nuclei originally present in the bulk sample. The trend of PCL is similar to our previous report.*!



The lowest T¢ for infiltrated PCL in AAO nanopores is -54.4 °C in this work, a value that is very
close to the glass transition temperature (7g) of PCL (-60 °C*?). The nucleation mechanism of
infiltrated PCL that crystallizes at such a low temperature should be assigned to homogeneous
nucleation because it occurs just above 7. The abrupt decrease of 7t in nanopores smaller than

100 nm indicates a transition from heterogeneous to homogeneous nucleation.

For PBS, a drastic decrease of T¢ of about 25 °C can be seen in the 400 nm nanopores, and 7,
further decreases as pore size decreases. In the smallest nanopores with a diameter of 40 nm in this
work, T; is about 21 °C. Safari et al.* reported a T, of 18 °C for PBS confined in 35 nm AAO
templates. Even in the smallest nanopores, the 7t is still ~ 50 °C higher than the 7, of PBS (-30
°C*). Therefore, the crystallization of infiltrated PBS in small nanopores most probably occurs by

surface nucleation at the AAO pore walls.

Table 1. Crystallization and Melting Temperatures of Bulk and Infiltrated PCL and PBS.

sample bulk 400 nm 200 nm 100 nm 60 nm 40 nm 20 nm
T.,pcL (°C) 31.9 25.9 17.0 -31.4 -35.6 - -54.4
T, pcL (°C) 51.8 52.1 51.7 54.2 54.5 - 53.0
T¢,pes (°C) 70.3 45.4 36.4 27.1 25.8 21.4 -
T, pBs (°C) 110.8 110.1 110.7 109.9 109.7 109.3 -

3.3. Self-Nucleation Behavior of Bulk PCL and PBS.

Figure 5a shows DSC cooling curves of PCL after the isothermal step at the indicated Ts. The
subsequent heating curves are shown in Figure 5b. The standard heating curve together with the
crystallization temperatures is plotted in Figure Sc, with the three characteristic domains labeled™ *.
Classical self-nucleation features are displayed, similar to the results reported previously.'* !> The
different self-nucleation Domains have been indicated by different colors for the DSC cooling and
heating traces in Figure 5a and 5b ( Domain I in red, Domain II in blue, and Domain III in green),

as previously suggested in references.>*

At T > 64 °C, the material is molten into a homogeneous melt, the 7 is invariant for these T

and the melting traces are unchanged in the subsequent heating process. Those Ts values are in



Domain I, at which the nuclei inducing crystallization are the high-temperature resistant

heterogeneities.

When T; is between 64 °C and 55 °C, PCL experiences exclusive self-nucleation, where Tt
increases with decreasing Ts, as shown in Figure Sa. Meanwhile, the melting peaks in Figure 5b do
not show any observable change. This is the classical Domain II. The width of Domain I is 9 °C
(55 °C < Ty < 64°C), which is similar to the previous reports.'* > The Domain Ila (59 °C < T, <
64 °C) and /I (55 °C < Ty £ 59 °C) can be discriminated with the help of the standard DSC
heating curve shown in Figure S5c. In Domain Ila, the DSC trace has reached the baseline,
indicating that all crystals are molten, hence the self-nucleation observed is due to melt memory
effects®*. In Domain IIb, crystal fragments are present in the sample, as indicated by DSC, hence
the self-nucleation is due to self-seeding from crystal fragments that are not annealed within this

temperature Domain**.

The sample is only partially molten when 75 is lower than 55 °C, and the unmelted crystals
thicken (i.e., experience annealing) during the 5 min isothermal time at 7. The 7t increases
because of self-seeding, and an additional melting peak appears in the heating curves because of

the annealing of unmolten crystals. Therefore, the sample is in Domain III (self-nucleation and

annealing domain).
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Figure 5. (a) DSC cooling scans for PCL after 5 min at the indicated Ts; (b) Subsequent heating
scans; (c¢) Representation of the self-nucleation domains for PCL superimposed on the standard

DSC heating curve. Red squares represent the 7t (right-hand side y-axis) as a function of 7 values

(x-axis).

Figure 6 shows the SN experimental data of bulk PBS. Similar to PCL, it also displays three
self-nucleation domains. The temperature range of Domain I is Ts > 121 °C. When 112 °C < T <
121 °C, the material experiences self-nucleation (Domain II). When T; lower than 112 °C, the melt
traces start showing an annealing peak (Domain III). Within Domain II, Domain Ila is at 117 °C <
Ts<121°Cand Ilbis at 112 °C < T4 < 117 °C. The width of Domain II is 9 °C for PBS, which can

be seen directly from Figure 6¢. The width of Domain IT of PBS reported in ref.** is larger (18 °C).
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3.4. Self-Nucleation Behavior of Infiltrated PCL in AAO Templates.

To quantitatively investigate the effect of confining size on the self-nucleation behavior, SN
experiments were carried out for infiltrated PCL and PBS in AAO nanopores with a diameter

ranging from 20 to 400 nm. The thermal protocol is the same as that applied to the bulk polymers.

A typical example of the SN of the infiltrated PCL within a 100 nm AAO template is shown in
Figure 7. The transition temperature of Domain [ to Il is Ts = 56 °C. At Ty = 56 °C, another
exothermic peak appears at ~ 13 °C. This peak moves to a higher temperature and exhibits higher
enthalpy when 75 decreases to 55 °C. Meanwhile, the low-temperature peak remains at the same
temperatures but becomes smaller. An annealing peak appears in the DSC heating curve when T =
54 °C. Therefore, the range of Domain II for this sample is 54 °C < T < 56 °C (and it corresponds
to Domain IIb, see below and Figure 7¢). The width of Domain II is 2 °C, narrower than the bulk
sample (9 °C). Interestingly, by comparing the 7. values with the standard DSC heating curve
(Figure 7c), it is clear that Domain Ila vanishes. The enthalpy (AH.) of the lowest crystallization

peak shows a sudden decrease in Domain 11, as shown in Figure 7c.
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Figure 7. (a) DSC cooling scans for PCL confined within 100 nm AAO nanopores after staying
for 5 min at the indicated T values; (b) Subsequent heating scans after the corresponding cooling
runs in (a); (c) Representation of the self-nucleation domains for PCL superimposed on the
standard DSC melting trace. Red points represent peak crystallization temperatures. The

crystallization enthalpy (AH.) of the crystallization peak at -30 °C is also plotted (dark cyan star).

The SN results of bulk and confined samples are summarized in Figure 8 (DSC scans are
shown in Figures S1 to S5 in the supporting information). The transition temperatures of different
Domains are summarized in Table 2 and Figure 10. As the diameter of AAO templates decreased,
the width of Domain II of PCL decreased from 9 °C in bulk to 6 °C in 400 nm AAO, and further to
3°C,2°C,1°Cin 200, 100, 60 nm AAO, respectively. Domain II vanishes completely when the
diameter of AAO is 20 nm. Another interesting observation is that the width of Domain Ila
changes first. For example, the “shrinkage” of Domain II for the 400 nm PCL solely comes from
Domain Ila. Furthermore, Domain Ila vanishes for the 200 nm sample. The direct transition from

Domain I to Domain III has been reported in block copolymers.!®-2* To the best of our knowledge,



we have shown here for the first time a continuous change of the width of Domain II, caused by

confinement.

Table 2. Summary of the transition temperature of different domains of PCL and PBS.

sample T, pr 1o pir (°C) T, 11 10 o111 (°C) Ts, p1 1o o111 (°C)
bulk 64 55 -
400 nm 61 55 -
200 nm 58 55 -
PCL
100 nm 56 54 -
60 nm 55 54 -
20 nm - - 52
bulk 121 112 -
400 nm 120 111 -
200 nm 121 112 -
PBS
100 nm 118 112 -
60 nm 112 111 -
40 nm - - 112
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Figure 8. Representation of the self-nucleation Domains for bulk PCL (a), and infiltrated PCL



within 400 nm (b), 200 nm (c), 100 nm (d), 60 nm (e), and 20 nm (f) AAO templates
superimposed on the standard DSC melting traces. Red points represent peak crystallization

temperatures (right-hand side y-axis) as a function of 75 values (x-axis).
3.5. Self-Nucleation Behavior of Infiltrated PBS in AAO Templates.

SN experiments were carried out for infiltrated PBS using the same thermal protocol as for the
bulk sample. The results are summarized in Figure 9 and the DSC curves are shown in Figure S6
to S10 in the supporting information. Different from PCL, the width of the Domain II of the PBS
in 400 nm and 200 nm AAO is the same as that of bulk PBS. The width of Domain II decreases
upon further confinement. The width of Domain II decreases to 6 °C and 2 °C for the infiltrated
PBS within 100 nm and 60 nm AAQ. Eventually, Domain II completely vanishes for the 40 nm
sample. The transition temperatures of different domains of PBS are summarized in Table 2 and

plotted in Figure 10.
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Figure 9. Representation of the self-nucleation Domains for bulk PBS (a), and infiltrated PBS in
400 nm (b), 200 nm (c), 100 nm (d), 60 nm (e), and 40 nm (f) AAO templates superimposed on

the standard DSC melting trace. Red points represent peak crystallization temperatures (right-hand



side y-axis) as a function of 7 values (x-axis).
3.6. Confinement Effects on SN.

The change of the width of Domain Ila/IIb with the diameter/density of AAO nanopores is
summarized in Figure 10. The estimated values of the number density of AAO nanopores with
different diameters are listed in Table S1. We can see clearly that the upper limit of Domain II
decreases with decreasing AAO nanopore diameter. Domain Ila vanishes first then Domain I1b

vanishes eventually as nanopore diameters are further decreased.

The first conclusion is that the self-nucleation effect in confined systems is determined by the
relative density of the self-nuclei and microdomains. In confined systems, the self-nuclei will be
active to trigger crystallization only when its number exceeds the number of microdomains. The
absence of Domain II under confinement has been observed in block copolymers.*>*® In triblock
copolymers, PS-b-PB-b-PCL and PS-6-PEO-b-PCL, PCL blocks are confined within cylinders or
spheres of densities approaching 10'®/cm’, much higher than that of the AAO templates. An
advantage of the AAO system is that the scale of the microdomain density covers a broad range,

thereby allowing the observation of the narrowing and vanishing process of Domain I1.

In another aspect, the results provide an estimation of the densities of self-nuclei. For example,
the PCL 400 nm sample is in Domain 1Ib at Ts = 58 °C but the PCL 200 nm sample is in Domain I
at the same temperature. Therefore, we can conclude that the self-nuclei density of PCL at 75 = 58
°C is between 8 x 10'° and 3.2 x 10! nuclei/cm®. Based on this analysis, it may be of interest to
compare the difference between the two polymers. The change of Domain II is very sharp in PBS.
The densities of self-nuclei are all above the nanopore density of 200 nm AAO (3.2 x 10" cm™) in
the 7s range of 113 ~ 121 °C. The sharp decrease of the width of Domain II in PBS indicates that
the density of self-nuclei is as high as a value between 1.3 x 10" (100 nm) and 3.5 x 10'2 cm™ (60
nm). On the other hand, the density of self-nuclei in PCL is lower and the change of Domain II is
a gradual process. It is possible to estimate the value of self-nuclei for PCL in the temperature

range of 55 ~ 65 °C.
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Figure 10. The transition temperatures of Domain Ila/lIb as a function of the density of AAO

pores and pore diameter (Paao0).

Another interesting effect of confinement is the fractionated crystallization behavior of the
self-nucleated sample, i.e., multiple crystallization peaks. Fractionated crystallization behavior is
frequently seen in immiscible polymer blends where crystalline components are in isolated
domains.*’ The reason for the phenomenon is the existence of nucleating heterogeneities with
different activities that are physically divided into different domains. For a full understanding of

fractionated crystallization in different systems, the reader is referred to the recent reviews*® .

The fractionation behavior differs in Domain II and Domain II1. Let’s first focus on Domain II.
Two crystallization peaks are observed in infiltrated PCL within 100 nm and 60 nm AAO and all
the infiltrated PBS samples except the 40 nm one. The results can be explained by the fact that the
microdomains can be divided into the ones that contain self-nuclei and the ones that do not. The

former can crystallize at higher temperatures than the latter because they are physically separated.

The fractionated crystallization behavior in Domain Il is more complicated. With decreasing
the pore size of AAQO, the number of crystallization peaks changes from one (bulk) to two (200
and 100 nm PCL; 400 and 200 nm PBS) to three (below 60 nm for PCL; below 100 nm for PBS).
The lowest peak can be originated from those impurity-free nanopores that are not affected by

self-nucleation at all. The highest peak is most probably due to the residual crystals that can be



annealed which will grow immediately during cooling. The intermediate crystallization peak

should be the domains that contain self-nuclei but do not contain crystals that can be annealed.
4. CONCLUSIONS

In this work, we studied the effect of confinement on the self-nucleation effect of
semi-crystalline PCL and PBS. The density of AAO nanopores covers a range of 10!'~10'* cm™, a
suitable scale for studying the self-nucleation effect. In both of the two polymers, the Domain Ila,
or melt memory region, vanished first, and the Domain IIb (self-seeding region), disappeared
subsequently, indicating a complete suppression of the self-nucleation Domain (i.e., Domain II).
The results can be interpreted by the relative magnitudes of the density of self-nuclei and density
of microdomains. In PCL, the change of the width of Domain II is more “continuous” as
compared to PBS where an abrupt decrease of Domain II at the pore density of 10'2 cm™ occurs.

The AAO system provided a new method to estimate the density of self-nuclei in different

polymers.
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