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Abstract: Monitoring of nucleus geometry and growth into dual types of periodically ring-banded
morphology in poly(nonamethylene terephthalate) (PNT), respectively, Type-1 and Type-2, are
done with detailed analyses using polarized-light optical microscopy (POM) in-situ CCD recording;
the periodic assembly morphologies are characterized using atomic-force microscopy (AFM) and
scanning electron microscopy (SEM). Different annealing treatments (Tmax = 110, 120, 130 °C) are
accomplished at a crystallization temperature of 85 °C; effects on the nucleus geometry, number
(25-10%) and volume fractions (33-15%) of Type-2 among two types of banded PNT spherulites are
expounded. Growth of a specific type of periodically banded PNT spherulite is initiated from either
highly elongated sheaf-like or well-rounded nuclei, with the final grown lamellae being self-packed
as multi-shell structures. Nucleation geometry and crystallization parameters collectively lead to
development of multiple types of banded PNT spherulites of different relative fractions.

Keywords: ring-banded morphology; poly(nonamethylene terephthalate); lamellar self-assembly

1. Introduction

In the literature, periodically ring-banded spherulites were widely reported in many
polymers, mainly polyesters, such as poly(ethylene adipate) (PEA) [1,2], poly(butylene
adipate) (PBA) [3], polyethylene (PE) [4,5], poly(trimethylene terephthalate) (PTT) [6-11],
poly(heptamethylene terephthalate) (PHepT) [12], poly(octamethylene terephthalate)
(POT) [13], poly(nonamethylene terephthalate) (PNT) [14-17], and poly(dodecamethylene
terephthalate) (PDoT) [18]. By contrast, poly(e-caprolactone) (PCL) displays a dramatically
different type of ring bands—termed as acanaceous bands., i.e., with peculiarly rough
zig-zag rims and they are not smooth like other ring bands [19-27]. Among the viewpoints,
lamellar twisting due to chain-folding stresses [28-32] is a popular model to interpret the
formation of banded spherulites; yet, debates on mechanisms and causes for induction
of such perplexing periodicity in crystal assembly have been unsettled in the past many
decades. In 2012, Woo, et al. [1] initiated a revolutionary approach and first explored the
interior lamellar assembly leading to the optically repetitive rings in poly(ethylene adipate)
(PEA), and used in-depth analyses to propose mechanistic correlations between the top-
surface banding and interior lamellar assembly in the periodically banded aggregates via
accurate 3D interior analyses. One single type of ring bands in crystallized polymers is
complex enough for long-time controversial debates on searching for mechanisms; some
polymers may display not just one type of ring bands but simultaneously two or more types
of ring bands in their crystallized aggregates, which make the issue even more complicated.
Coexistence of dual types of ring-banded morphology in poly(nonamethylene terephtha-
late) (PNT), termed as Type-1 (i.e., single ring-banded spherulite) and Type-2 (i.e., double

Crystals 2021, 11, 1338. https:/ /doi.org/10.3390/ cryst11111338

https:/ /www.mdpi.com/journal/crystals


https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-3653-2549
https://orcid.org/0000-0001-6707-3165
https://orcid.org/0000-0003-1785-8321
https://doi.org/10.3390/cryst11111338
https://doi.org/10.3390/cryst11111338
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cryst11111338
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst11111338?type=check_update&version=1

Crystals 2021, 11, 1338

20f16

ring-banded spherulite), was discovered and investigated in prior studies [14-17]. Prior
observation on the top surface and internal structures of crystallized PNT has revealed
some preliminary yet strong evidence for the detailed lamellar arrangement between the
ridges and valleys. Nonetheless, better and more in-depth analyses are necessary to shed
light on precise mechanisms. Accordingly, studies [15,16] were conducted on the interiors
of two different types of ring bands in PNT intended to better clarify the crystallization
and assembly mechanisms of PNT inducing such unusually diversified ring-band patterns.

Unlike most other semicrystalline polymers that usually display a single type of
ring bands (when crystallized at a specific temperature within a suitable temperature
window), PNT, upon crystallization at a specific T, developed two dramatically different
types of ring bands (termed as “Type-1 and Type-2”) [14,15]. Type-1 PNT bands display
entirely different surface-relief periodic morphologies and optical birefringence patterns
from Type-2. In-situ monitoring of crystallization and growth from the early stage of
nucleation until the final fully grown spherulites (impinged) could be expected to shed
light on understanding the mechanisms behind evolution into two different types of ring
bands in PNT when crystallized at a specific temperature. A treatment can be applied:
heating PNT specimens to a molten state and holding them at a maximum temperature
(designated as Tax) that is 10-50 °C above their Tr,, then rapidly quenching to a fixed
T. and holding them until full crystallization. Upon such annealing treatments, PNT was
able to develop two entirely different types of ring bands with various relative fractions
depending on Tyax and T.. Crystallization at 85 °C was proved for developing known
ring-band forms of two different types (Type-1 and Type-2), and it was proven earlier that
both Type-1 and Type-2 bands can coexist at any T. with different relative fractions [14,15].
From these earlier studies, these two types of PNT ring bands are easily distinguishable by
their optical birefringence patterns as well as lamellar crystal assemblies.

2. Materials and Methods

Poly(nonamethylene terephthalate) (PNT) was not commercially available; it was
synthesized in-house via a two-step polymerization method from monomers: the first
process was transesterification, which was then followed by polycondensation [18]. The
weight-average molecular weight and the polydispersity index (PDI) of PNT determined by
GPC (Waters) using polystyrene as a standard were 28,280 g-mol ! and 1.4, respectively,
and thermal analysis revealed Tg =—-2° and Ty =92 °C.

For interior analysis, crystallized PNT films were fractured by pre-cut marking on the
glass substrate using a diamond knife to guide the fracture line. The fractured surfaces of
the crystallized PNT samples were to be examined using SEM. Fractured surfaces of bulk
samples were examined and characterized for revealing a lamellar structure in the fracture
and top free surface. Samples in free-standing bulk forms or films cast on glass substrate
were fractured across the thickness direction.

Apparatus

Polarized-light optical microscopy (Nikon Optiphot-2, POM). POM was equipped
with a Nikon Digital Sight (DS-U1) digital camera, a CCD digital camera (NFX-35) and
a microscopic heating stage (Linkam THMS-600 with a T95 temperature programmer);
this setup was used to characterize the optical crystalline morphology. In-situ monitoring
(for duration up to 48 h) was performed using the CCD camera aided with computer
programming. A A-tint plate (530 nm) was inserted in POM to make contrast interference
colors for all POM graphs. PNT film samples for POM were prepared by drop-casting on
micro glass slides.

Atomic-force microscopy. AFM (diCaliber, Veeco Corp. Ltd., Plainview, NY, USA,
AFM) in intermittent tapping mode with a silicon tip (f, = 70 kHz, r = 10 nm) was installed
to observe the top-surface topology (phase and height images) as well as for measurement
of height profiles.
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Scanning electron microscopy.The SEM instrument used was a Hitachi-SU8010, HR-
FESEM. The fractured interior and top surface of the specimens were coated with platinum
using vacuum sputtering (10 mA, 200 s) prior to SEM characterization. The set-up for
mounting the fractured PNT specimens relative to the SEM electron beam (by tilting the
sample stand to a pre-determined degree suitable for scanning) was designed to acquire
the morphologies of the crystal arrangements on the top surface and fractured interiors
simultaneously.

3. Results and Discussion

Figure 1 shows POM micrographs evidencing the relative fractions of Type-1 (i.e.,
single ring-banded) and Type-2 (i.e., double ring-banded) in PNT crystallized at various
T = 60-85 °C. Tmax was fixed at a constant Trmax = 110 °C. Only Type-1 PNT spherulites
(single ring-banded) are present when crystallized at T. < 85 °C. Type-2 banded PNT
spherulite (double ring-banded) appears only at T > 85 °C. Both Tc and Tmax influence the
relative abundance of these two types of ring bands, which will be analyzed in detail in
following sections.

Only Type-1 when
atlower T=60°C

3

Figure 1. POM micrographs for effects of T. on relative fractions of dual types of ring-banded
spherulites of PNT at T. = (a) 60 °C, (b) 65 °C, (c) 75 °C, (d) 85 °C, (scale bar = 20 um).

Figure 2 shows POM and OM graphs for effects of Timax on the relative fractions of
Type-1 over Type-2 banded PNT spherulites upon crystallization at T, = 85 °C by quenching
from different Tmax. It is noted that the Type-1 and Type-2 morphology remains the same
at T, = 85 °C regardless of changing Tax; only the relative fractions of two types vary
with Tmax. By comparing the T. and Tmax effects, T causes only morphological changes
(e.g., double ring-banded spherulites existing in higher T regions); however, Tmax changes
the relative percentages of Type-1 vs. Type-2 spherulites. With the Tnax effects on PNT
banded types and their formations, the responsible mechanisms inducing the various
fractions of dual types of ring-banded spherulites under a specific T, are the objective of
the subsequent investigation. That is, in general, higher T. and lower Tmax (110 °C or
lower) are kinetically more favorable for formation of Type-1 bands; oppositely, lower T
and higher Trax (110 °C or lower) are favorable for the formation of Type-2 bands.

In a prior study [33] preceding this current work, influence of crystallization tempera-
ture (T.) on morphology and banding patterns in PNT was investigated in detail; however,
the Tmax effects on the relative fractions of Type-1 vs. Type 2 are yet to be investigated in
greater details. A series of different Tmax were chosen because Trax might be one of main
factors influencing the formation and growth of banded spherulites. The varying trend of
Type-1 vs. Type-2 with the temperature at which the specimens were treated at Trax can
be clearer if the fractions are plotted as a function of Tax. Consequently, Tmax Was varied
from 110 to 130 °C, with T fixed at a constant 85 °C. Results as a line plot and numerical
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values are as shown in Figure 3, which reveal that both volume and number percentages
of Type-1 increase with increasing Tmax. In regard to the fractions of Type-2 spherulites,
the trend is just opposite to that of Type-1. The line plots show the variation of the vol-
ume and number percentages, respectively, for Type-1 PNT banded spherulites, where
(Type-2)% = (100-Type-1)%. The “number%” is counted by the number of spherulites
of Type-1 divided by the total number of Type-1 + Type-2, by disregarding the various
sizes of individual spherulites. Volume% was estimated by taking into account the actual
variations of individual sizes of these two bands. The number percentage of the Type-1
band is always greater than the volume percentage of the same band, as the average size of
Type-2 is significantly greater than that of Type-1 (as clearly shown earlier in Figure 2). On
the basis of the quantitative results, aided with literature research by Weber, et al. [34], we

speculate that the molecular level r-stacking interaction might influence the nucleation

process of this Type-2 spherulite. At low Tpax, higher amount of ‘7r-7t" interaction may be

involved in the nucleation process of Type-2 spherulites. At the same time, a higher Tiax

may eliminate ‘77-7t" interaction in the melt stage, so that the Type-2 spherulite’s volume

and number percentages might decrease.

Figure 2. (al,b1,c1) POM with tint plate and (a2,b2,c2) POM without tint plate graphs showing effects
of Tmax on relative fractions of Type-1 over Type-2 bands in PNT spherulites crystallized at T. = 85 °C
by quenching from different Tmax: (1) 110 °C, (2) 120 °C, (3) 130-140 °C, (scale bar = 50 pm).
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Figure 3. Plot for the variation of volume and number percentages for Type-2 spherulites.
[Type-1]% = (100 — Type-2)%.
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When melt occurs at a higher Tmax (but crystallized at a fixed T.), the shape and
geometry of the nuclei might be altered, which leads to variation in banded PNT spherulites.
As the density and geometry of the nuclei are different after being soaked at different Tmax,
the fact that Type-1 spherulites always are more dominant in number percentages over
Type-2 at any T, [33] suggests that the nucleus density might be different at various Tmax
or Te. If Tmax is kept at 120 °C, then a higher T, (above 80 °C) favors formation of higher
fractions of Type-2 banded spherulites; vice versa, a lower T (below 80 °C) leads to smaller
volume/number fractions of Type-2 and favors formation of Type-1 banded spherulites.
Thus, the crystallization kinetics that might collectively govern the formation of two
different types of banded PNT spherulites were probed and analyzed, as discussed above.

The growth rates of Type-1 and Type-2, respectively, are compared as shown in
Figure 4. Results show that there is no significant difference in the spherulites growth rates
between them. The initiation times (or incubation of first traces of nuclei) for Type-1 and
Type-2 are dramatically different. It takes a much longer time for the first traces of nuclei of
Type-2 to appear and to initiate growth than that for nuclei of Type-1. This explains that
the percentages of Type-1 are in general higher than that of Type-2 under most kinetic envi-
ronments. In general, growth rate depends on chain diffusion; at 85 °C molecular diffusion
is the same for both the spherulites. Further, a Type-1 spherulite may nucleate from an
aliphatic segment, and Type-2 nucleation may evolve from the aromatic segment. These
two different nucleation environments may result in morphological difference between
Type-1 and Type-2. Further, possibility of ‘m-n’ interaction at higher Tmax is low, so that
Type-2 spherulite percentage is less at Tmax = 130 °C.

300
=Type-1 G (Type-1) =0.24 um/mir
+Type-2

200+

Impingement
(195 min)

100 4 G (Type-2) =0.23 pum/min

Spherulitic Diameter (um)

0 200 400 600 800 1000
Time (min)
Figure 4. Growth rate of Type-1 and Type-2 spherulites crystallized at T, = 85 °C by quenching from
Tmax = 120 °C, nucleus state to form in 2 h for Type-1 spherulite 20 h for full-crystallization and for
Type-2 spherulite 17 h for full-crystallization.

From the very beginning of initiation of nuclei, Type-1 crystals differ from Type-2.
The Type-1 nuclei are of a uniquely asymmetric stick-like geometry. Subsequent growth
much follows the initial asymmetric geometry of Type-1 nuclei; thus, the differential
variation in the geometry of nuclei may be critical to induce the diversification of the final
banded morphology. Schematics for growth evolution are as depicted in Figure 5. The
schemes, justified by the experimental POM in-situ monitoring results, indicate that at
85 °C nucleation is initiated, followed with two dramatically different types of nuclei and
these nuclei respectively grow and crystallize into final Type-1 and Type-2 ring-banded
PNT spherulites. These two different types of nucleus geometries finally evolve into
Type-1 (grown from sheaf-like nuclei) and Type-2 (from well-rounded nuclei) ring-banded
spherulites at t = 4 h, respectively. Thus, the types (1 or 2) of ring bands in PNT spherulites
are determined by the geometry of nuclei at the initial nucleation stage, and in the later
stage of growth the patterns of ring bands would be fixed and do not change further
upon crystallization and growth; they may simply grow to larger sizes by following the
initial nuclei as coded templates. The growth rates of Type-1 and Type-2 are even quite
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comparable (refer to earlier Figure 4), differing only in the initial nucleus geometry and
lamellae assembly in final fully grown spherulites. The bottom graph (b-1) of Figure 5
shows schematics exemplifying the rod-like nuclei growing into Type-2 ring bands. The
spiral patterns (either mirror-image symmetric spiral or an Archimedean single spiral) of
the ridge lamellae will be further exemplified by AFM and SEM analyses in later sections.

(al) t,+15 t;+75min
1;=2 hr min ’
Y are -

s Gl
Type-1
t;+17 hr

(b1)
t;=2hr t;+90min

Type-2

Figure 5. Schematic illustrations and POM graphs for morphology evolution of (al,a2) Type-1 in com-
parison with (b1,b2) Type-2 spherulites crystallized at T. = 85 °C by quenching from Tpax = 120 °C
after 2 min.

In-Situ Growth Monitoring

Co-existence of two nuclei geometry shapes at initiation of crystallization held at
T. = 85 °C is thus quite apparent, showing two types of nuclei (t =2 h at T, = 85 °C):
(1) highly elongated sheaves, and (2) well-rounded nuclei. Figure 6 shows in-situ POM
with CCD monitoring on the initiation stages of morphology evolution of Type-1 and
Type-2 spherulites, both being crystallized at T, = 85 °C, from t; (2 h) to t; + 120 min
(ca. t; + 2 h). The nuclei for Type-2 and Type-1 banded PNT spherulites are tiny and
discrete, but of distinctly different geometric shapes. They are marginally distinguishable
in their unique optical birefringence characteristics. The nuclei for Type-2 are initially
well-rounded, appearing as a tiny dot-like aggregate. By contrast, the nuclei for Type-1
are highly asymmetrically elongated-rod-like, appearing as a stick-like sheaf with a single
birefringence color (orange color), which means that the crystal sheaf-bundle is initially
in only one orientation. When fully grown, the highly asymmetric nucleus center for the
Type-1 band eventually leads to an asymmetrically packed banded spherulite, as proved in
an earlier study.

=2 hr t+15 min t+30 min

20.0=m
t+45 min t+75 min
20.0 um
-

t+105 min t+120 min

t+90 min

L
€ @ @ @ % @

S

20.0 um 20.0 um 20.0 um
- - -

Figure 6. In-situ POM graphs for initial stages of morphology evolution of Type-1 and Type-2 PNT
spherulites crystallized at T. = 85 °C by quenching from Tmax = 120 °C.
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It should be noted, though, that the “incubation time” (time for nuclei to first appear),
defined as the time for the first appearance of traceable nuclei after equilibrilating at T,
for different types of banded PNT spherulties varies dramatically, which means that the
initial nuclei for different banded spherulites may appear at different times after being
quenched from the molten state at Trax to T for crystallization. The lamellar assemblies
of PNT being packed into different birefrigent patterns of Type-1 and Type-2a,b banded
spherulites will be discussed in details later. Figure 7 shows that by quenching the PNT
melt from Trax = 120 °C to crystallization at T = 85 °C, the nuclei (well-rounded shape)
for Type-2 (double-ring banded including Type 2a and Type 2b) spherulites appear almost
immediately upon equilibrating at T. = 85 °C; by contrast, it takes about 45 min after
equilibrating at T, before first traces of nuclei (elongated sheaf-like lamellae) for Type 1
banded spherulites appear. One can easily see from the in-situ POM results in Figure 7a-k
that although the sheaf-like nuclei (For Type-1 banded spherulites) appear later than those
well-rounded ones for Type-2, the nuclei density of the elongated sheaf-like nuclei, once
formed, are more densely populated than the well-rounded nuclei whose number density
stays almost unchanged with time. This fact leads to eventually higher volume /number
fractions of Type-1 over Type-2 banded spherulites when crystallization is completed at any
given T.. Apparently, higher T. is favorable for greater fractions of Type-2 (over Type-1),
but higher Trax tends to decrease it as higher Trax supposedly suppresses more Type-2
nuclei. Moreover, all these factors (Tmax and T.) possibly govern the relative fractions
of different types of banded PNT spherulites at the nucleation stage, but not during the
spherulites” growth period as the growth rates are almost the same for different types
of banded spherulites. Figure 71 shows that that fully grown Type-1 crystals are smaller
than the Type-2 ones, and both types mutually impinge on each other. The POM images
clearly indicate that two different types of ring bands evolve and grow independently from
two geometrically different nuclei, where Type-1 ring-banded PNT spherulites (marked
with red arrow) grow from elongated rods nuclei and Type-2 mirror-paired ring-banded
spherulites (marked with green arrow) grow from initially well-rounded dot-like nuclei.

t+15 min t+30 min

(d) t+45 min t+75 min

2
é
(g) t+90 min t+105 min i t+120 min
o)

20.00 um
-

t+135 min t+255 min

i

2ah
&

20.00 um
S

Figure 7. POM graphs of PNT Type-2 in-situ growth captured at T. = 85 °C after being quenched
from Tmax = 120 °C for different time of crystallization” (a) t, =2 h, (b) t, + 15 min, (c) t, + 30 min,
(d) to + 45 min, (e) t, + 60 min, (f) t, + 75 min, (g) to + 90 min, (h) t, + 105 min, (i) t, + 120 min,
(j) to + 135 min, (k) t, + 255 min, (1) t, + 1 day (fully grown). (scale bar = 20 um).
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Note that at T, = 85 °C, it took quite long times for the first traces of nuclei to appear:
for the rod-like nuclei, t; = 2 h; for the well-rounded nuclei, t; = 4 h. That is, not only
thegeometry shapes differ significantly, but also the times of “incubating” the first traces of
nuclei are also different dramatically (t =2 h vs. 4 h for Type-1 and Type-2 respectively).
Apparently, the types (either Type-1 or -2) of ring bands in PNT spherulites are mostly
determined by the initial geometry of the nuclei at the nucleation stage, and patterns of
ring bands were fixed and did not change further upon crystallization and growth, leading
to the final Type-1 vs. Type-2 ring bands. These two different geometries of nuclei both
grow eventually to ring-banded PNT spherulites, which differ significantly in their optical
birefringence pattern and lamellar assembly.

Depending on the sites of nucleation (near top surface or bottom substrate), crystal-
lized PNT may take a different geometry of banded structures. Figure 8 shows that the
nuclei of Type-1 PNT banded spherulites (T, = 85 °C), at the very center of the periodic
bands, take an asymmetric sheaf-like geometry. The lamellae grow along the sheaf direction
and spray out like a fan; and upon growing outward, they periodically wave up and down.
By contrast, along the perpendicular direction normal to the bundled sheaf, the lamellae
are packed as layered plates pointing vertically to the paper, which upon fracture, display
some ductile textures. Thus, the lamellae are self-assembled in an asymmetric pattern with
respect to the nucleus center. Along the sheaf-crystal direction, the lamellae are mostly
flat-on on the paper, other than waving up and down. The lamellae in the perpendicular
direction to the nucleus sheaf point to a normal direction to the paper. Owing to the highly
elongated nucleus geometry and subsequent directional growth, the interior lamellae in
fully grown Type-1 banded spherulites are not circularly symmetric, but highly asymmetric
to display two-face dissymmetry in its interior lamellae assembly as revealed in an earlier
study [33]. Obviously, the structured and oriented growth from sheaf-like nuclei lead to a
highly asymmetric morphology in poly(nonamethylene terephthalate) (PNT) upon packing
into periodic bands [24].

Nuclei Center

:\'\g

W)

IS
&“@)g

\ O
NS

Figure 8. Asymmetric growth from the nucleus in Type-1 PNT ring bands: (a) SEM graph for interior,
(b) schematic for asymmetric assembly around the nuclei in Type-1 banded spherulite (2500x).
(Reprinted with copyright permission [33]).

As described in detail in the scheme (Figure 8b), the two tail-ends of rod-like nucleus-
sheaves first evolve needle-like fine lamellae that bend into curvature as they grow outward
from the ends. Eventually, the bent lamellae grow in a spiral-spin pattern into ridges
(aligned circumferentially), then from which daughter branches further grow in the per-
pendicular direction (i.e., aligned radially) to fill the inter-ridge space. Cycles repeat in the
same manner until drainage or impingement.

Figure 9 shows in-situ POM-CCD monitoring on the intermediate stages of the mor-
phology evolution of Type-1 and Type-2 spherulites crystallized at T, = 85 °C, from
tj + 135 min (ca. 2 h) to t; + 255 min (ca. 4 h). Type-2 and Type-1 banded PNT spherulites are
discrete and distinguishable in their unique optical birefringence characteristics. They are
ca. 60-80 um in diameter, and both become oval-shape (Type-1) or well-rounded (Type-2).
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At the intermediate stage, the initially asymmetric stick-like nuclei of Type-1 now grow
into oval-shape spherulites with visible optical bands. The initially well-rounded dot-like
nuclei for Type-2 still retain a ball-like shape but grow into bigger round-shape spherulites
with similar visible optical bands as those in Type-1.

t+135 min t+150 min t+165 min

2

t+180 min

/%., .

Figure 9. In-situ POM graphs for intermediate stages of morphology evolution of Type-1 and Type-2
spherulites crystallized at T. = 85 °C by quenching from Tmax = 120 °C.

Figure 10 shows in-situ POM monitoring on the later or final stages of morphology
evolution of Type-1 and Type-2 spherulites crystallized at T = 85 °C from t; + 675 min (ca.
11 h) to t; + 795 min (ca. 13 h). Type-2 banded PNT spherulites are now fully grown but
severely impinged with the neighboring Type-1 banded spherulites. Population of Type-1
banded aggregates dramatically out-numbers that of Type-2 ones.

690 min -\ b _t#705min &%

£+750 090~

t+780 min> t+795min >

Figure 10. In-situ POM graphs for later or final stages of morphology evolution of Type-1 and Type-2
spherulites crystallized at T. = 85 °C by quenching from Tmax = 120 °C.

Figure 11 shows AFM height images and height profiles for Type-1 (left column
of images) in comparison with Type-2 (right column of images) PNT spherulites fully
crystallized at Tc = (a) 75, (b) 80 and (c) 85 °C by quenching from Tmax = 120 °C. The
nuclei centers of both types of PNT ring bands are located at the lowest regions of the
entire banded spherulites of either Type-1 or Type-2. As the spherulites grow away from
the nucleus, periodic bands develop, with corresponding heights up and down at ridge
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and valley, respectively. The height drops from the ridge to valley are greater for Type-2
bands than for the Type-1 bands. In addition, the inter-band spacing for a Type-2 band
is 2-3 times larger than that for a Type-1 band. That is, the surface characteristics of the
Type-1 PNT band differ dramatically from those of Type-2.

AFM height images AFM height profiles
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Figure 11. AFM height images and height profiles for Type-1 and Type-2 PNT spherulites fully
crystallized at three different T, = (a) 75 °C, (b) 80 °C, (c) 85 °C, by quenching from Tmax = 120 °C.
(Reprinted with copyright permission [17]).

For universal comparison, additional PNT specimens crystallized at T. = 80 °C were
similarly analyzed using AFM using procedures reported in a previous work [16]. Figure 12
shows (a) POM graph and (b) AFM height images for Type-1 and Type-2 PNT spherulites
fully crystallized at T, = 80 °C until completion, after quenching from Tmax = 120 °C.
Figure 12c,d shows the AFM height profiles for Type-1 and Type-2, respectively. The main
characteristics for PNT specimens crystallized at T = 80 °C are similar to those crystallized
at either lower T. = 75 °C or higher T. = 85 °C. The nuclei center is consistently the lowest
region of the entire banded spherulites, either of Type-1 or Type-2. Away from the nucleus
center, the AFM height profiles (Figure 12¢) for Type-1 and Type-2 both show periodic
heights waving up and down. The height drops from the ridge to valley are greater for the
Type-2 bands than for the Type-1 bands. In addition, both POM and AFM results indicate
that the inter-band spacing for a Type-2 band is visibly much larger than that for a Type-1
band. All these features clearly indicate that these are two different types of PNT bands.
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Figure 12. (a) POM, and (b) AFM height images and (c,d) height profiles for Type-1 and Type-2
PNT spherulites, respectively, both fully crystallized at T, = 80 °C by quenching from Tiax = 120 °C.
(Reprinted with copyright permission [16]).

The correlation of the top surface with the fractured surface of Type-1 spherulite
with the nuclei center near the interface (polymer/air) was analyzed in detail in an ear-
lier work [33]. Crystallized Type-1 PNT spherulites were dissected by fracturing the
specimens with different nucleus positions relative to the bottom substrate or top sur-
face to see whether or not there may be any discrepancy in its interior lamellar arrange-
ment. Figure 13a—c shows SEM graphs of the top surface and interiors of Type-1 banded
spherulites with nuclei near the top surface (i.e., interface of polymer/air), which reveal
that the crossbar pitch of the interior grating structure tends to be same or similar to the
inter-band spacing on the top surface. In addition, the ridge on the top surface can be
correlated directly to the protruded ductile fracturing zones while the valley on the top
surface is correlated to the convex brittle detaching zones. The periodic ductile fracturing
zones suggest that the lamellae in those zones are oriented “along” the fracturing direction,
while brittle detaching, next to the ductile pull-out, indicates that the lamellae in the brittle
zones are oriented perpendicularly to the fracturing direction. The alternate ductile-brittle
failures in the interior lamellae give a hint that the interior lamellae are aligned in an
alternate tangential /radial direction, forming a grating architecture in the interiors that are
correlated with the periodic up-and-down topology of the ridge and valley bands on the
top surface. The crossbar pitch of the interior periodic gratings is ca. 7 um (as revealed in
SEM), which is the same as the inter-band spacing of 7 um on the top surface as revealed
in POM results, whose main characteristics of periodicity are shown in the schematic of
Figure 13d.
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(a)

top surface
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Figure 13. SEM graphs for (a) top surface and (b) correlated interior lamellar arrangement, and
(c) zoom-in (6000 %) image of (b) Type-1 PNT spherulites with the nucleation center near the top
surface, (d) scheme for interior grating assembly correlating to top surface bands. ((c)-reprinted with
copyright permission [33]).

Two kinds of discontinuities in lamellar arrangement are present in the interior lamel-
lae assembly of Type-1. The lamellae of Type-1 spherulites demonstrate the different
arrangements upon being observed from different dissection angles; in addition, the nu-
clei positions either near the top surface or more inside the spherulite influence the final
arrangement and complexity of the interior lamellae. With regard to Type-2 spherulites of
PNT, strong correlation between the topography and interior lamellar assembly is observed;
that is to say, both the lamellar arrangement on the top surface and inside the bulk display
similarly lamellar-tilted characteristics. More interestingly, the interior lamellae of Type-2
spherulites clearly demonstrate the periodically tail-bending and twisting nature when
the sample thickness is increased to a certain level; however, with film thickness decreases
to sub-microns and nano-meters, such bending and twisting nature is no longer present,
eventually leading to non-periodic or ring-less assemblies.

Earlier investigation [35] has revealed the detail morphologies of Type-2 PNT aggre-
gates, which have two morphologies, and are sub-divided into two categories. Once again,
their respective nucleus morphologies are assessed. Figure 14a,b shows schematics of
evolution from the nucleation stage to fully grown spherulties of Type-2a vs. Type-2b PNT
ring bands. As discussed earlier, Type-2 ring bands further differ in geometric shapes and
can be sub-divided into two categories (Type-2a and -2b). Further analyses will expound
in more detail on lamellar architectures of the “mirror-pair ring (Type-2a)” and “Fermat’s
spiral ring-banded (Type-2b)” PNT spherulites. The corresponding schematics for Type-2a
and 2b are drawn in the right diagram of the figure to differentiate the specific differences
in the morphologies of these two types of banded PNT spherulites. Type-2a and Type-2b
banded PNT spherulites both originate from nuclei of a well-rounded shape, but they are
different in the birefrigent patterns, which lead to variation of subsequent lamellar growth
orientations. For the mirror-paired ring-banded PNT spherulites (Type-2a), as shown in
Figure 14a, the polymer crystals start to grow concentrically from the nucleus regions with
symmetrical arrangements (mirro-image). The Fermat-spiral ring-banded PNT spherulites
(Type-2b) are shown in the right-hand-side scheme of Figure 14b, where the spiral-shape
nuclei are initially formed first, to be followed by two crystal arms growing out from the
tips of the spiral nuclei, then further grow to fully fill the entire space of the spherulite. It
is noteworthy to mention that Type-2a is more abundant but Type-2b spherulites occur
only sporadically; sometimes there is no or only a trace amount of Type-2b spiral-banded
spherulites in a fully-crystallized PNT sample at T, = 85 °C. Such morphologically sporadic
occurrence of the spiral-spin band patterns was discovered as documented in the literature
in PE [36], PCL [20], PDT [37] and PTT [38]. However, interpretation of supercooling effects
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on the formation of Type-2b PNT spherulites is not certain and still needs to be confirmed
in future work. From the clear microscopic evidence on interior anatomy as shown, the
growth in either types of banded PNT spherulties definitely cannot be described as a
lamellar plate undergoing synchronized helix-twist from the nuclei center to periphery of
spherulites, as claimed by overly simplified classical models of continuous helix-twisting
lamellae [35]. Note here that interior 3D-dissected morphology for PNT Type-2 banded
spheruites (which are further classified into two sub-classes: Type-2a and Type-2b) were
analyzed in detail in a previously published paper [35]; thus, we do not elaborate on the
issue here.

(a) t+90  fully crystallized
t=2hr  min N
L N RS
FTR 72 [ 3Y 7772 [5¥0
! 77 1 XY 7277 | XXX\
AP IANYPT TIAAINY
’ wot ! I\"\lt 11! ',l\
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t+150 Sfully crystallized
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Figure 14. Schematics justified with OM images for in-situ morphological evolution of (a) Type-2a
mirror-paired ring-banded, (b) Type-2b Fermat’s-spiral ring-banded PNT spherulites upon crystal-
lization at T = 85 °C after quenching from Tmax = 120 °C held for 2 min.

Spiral-spin growth from a nucleus center appears to be quite universal in polymer
spherulites with periodic ring bands. It is worthy to mention that poly(L-lactic acid) (PLLA)
also displays similar spiral-spins from its nucleation center, forming multiple types of
assemblies with periodic aggregates [39]. Based on the dissected microscopic evidence
on the Type-1 ring-banded PLLA spherulites, the growth starts with sheaf-like nuclei,
which from two ends would twist and bend, then continue into a full-length double-spiral
(or mathematically a “Fermat’s spiral”). The result is formation of a concave U-shape
valley between two successive lamellae spirals, where the branching lamellae constitute the
parallel lamellae underneath the “valley band”, leading to a periodic grating architecture.
Such grating structure in the ringed PLLA spherulite is quite similar to that in ring-banded
poly(ethylene adipate) (PEA) spherulites crystallized at T, = 28 °C, as earlier reported in
the literature [1], and these periodically-grating PEA ring bands can display the nature of
common bio-photonic crystals [40].

Obviously, from the in-situ monitoring from nucleation to final impingement for
Type-1 and Type-2 banded PNT spherulties, the growth processes are composed of two
stages. At the early age, sheaf-like nuclei, accompanied with a slanted 45°-angle, initiate at
nearly two hours after quenching from Tmax to T¢; then, polymer branches start to grow
asymetrically from the two ends of nuclei-sheaves. Growth from the nuclei takes place
by lengthening radially and branches evolve into fan-like sprays, which first widen and
extend in the radial direction (i.e., ridge region on the top surface), then the tail-ends
of the branches suddenly taper to bend down and precipitate to form a valley region.
Subsequently, a new cycle starts and repeats in a similar manner until there is complete
drainage of all molten species. In each cycle, the valley crystals are followed by a second-
cycle growth, which continues periodically to form repetitive ring-banded PNT spherulites,
whose crystal-aggregated patterns tend to be guided by the initial nucleus geometries,
which in turn are influenced by kinetics parameters such as T and Tax-
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4. Conclusions

By combining analyses of in-situ POM, AFM, and SEM analyses, this work aimed
to probe the mechanisms of PNT displaying multiple types of assembly periodicity from
nucleation to final packing into aggregated spherulites. Growth rates and the initial
nuclei morphology until the subsequent spherulitic morphology were captured during
in-situ crystallization on PNT specimens at various T after quenching from Tmax. Initial
morphologies of nuclei were analyzed with respect to final diversified periodic assemblies.
Kinetic analyses alone cannot fully explain why PNT could form dual types of ring-
banded morphology under a same thermal condition. By in-situ monitoring the entire
crystallization process from initial nucleation until growth termination, we were able to
clearly clarify the responsible causes. AFM and SEM results were used to expound the
top-surface and interior lamellar arrangement of fully grown Type-1 and Type-2 spherulites.
Furthermore, the nucleus region of fully grown Type-1 banded spherulites was exposed
to show highly asymmetric sheaf-like textures, indicating that the nuclei for Type-1 ring
bands do differ from those for Type-2.

Co-existence of dual types of banded PNT spherulites is present in PNT film specimens
when crystallized at a series of T, ranging from 60 to 85 °C. Growth processes from initial
nucleation until fully-grown crystal entities of these two types of banded spherulites
were monitored and analyzed using in-situ POM-CCD. Upon heating to various Tmax
(110-140 °C) and holding for 2 min at molten states prior to quenching to isothermal
T =75, 80 or 85 °C, relative fractions of Type-1 vs. Type-2 bands could vary significantly.
The percentage (by volume or number) of Type-1 increases with higher Tmax, suggesting
that higher T, is favorable for Type-1 but unfavorable for formation of Type-2 bands;
for the Type-2 banded PNT spherulites, the changing tendency is just opposite to that of
Type-1. For the Type-1 banded PNT spherulites, the initial nuclei are stick-like and have
a highly asymmetrical sheaf-like shape. In fully grown Type-1 PNT banded spherulites,
the sheaf-like nuclei are also clearly revealed inside the interior center of the spherulite; in
addition, the interior lamellae grow asymmetrically in two directions along the nuclei with
alternatively perpendicular orientation leading to a shell structure in the final Type-1 bands.
In contrast, Type-2 PNT spherulites, which initially assumed a round nuclei shape, after the
growing process still retain symmetrically rounded characteristics. The relative percentage
of Type-1 bands always out-numbers that of Type-2. This work has shed light that different
nucleation geometry and crystallization parameters collectively lead to development and
evolution of multiple types of banded PNT spherulites with different relative fractions.
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