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ABSTRACT

The crystallization behaviour of polymers has been one of the most fascinating research
area in polymer science for last several decades. With the advent of nanotechnology and
focus shifting to understanding the properties of materials in nano-dimensions, a lot of
focus is on understanding crystallization behavior of polymers when present in nanoshaped
materials. This is driven by the fact that any perturbation of crystallization behaviour in
confinement may significantly alter the properties of the materials. Hence, an
understanding of the polymer crystallization under nano-confinement is necessary for
tailoring of the polymer properties when used in nanotechnology related applications. The
electrospun nanofibers composed of an immiscible blend of an amorphous and a crystalline
polymer, with the latter forming the dispersed phase in the nanofibers, offers an interesting
system for studying the effect of confinement on the crystallization behaviour. In this case,
the limited radial dimension of the nanofibers may restrict the length scale of phase
separation between the immiscible constituents, so as to generate the domains in
nanodimensions. The confinement induced crystallization behaviour observed in such
systems is expected to provide information under non-equilibrium processing conditions.
Hence, in this research, the crystallization behavior of polymers has been investigated in
the electrospun nanofibers in order to gain vital fundamental understanding of confined

crystallization in polymeric materials.

The present study mostly focussed on understanding the confined crystallization
behaviour of poly(ethylene oxide) (PEO) in nanofibers electrospunned from polystyrene
(PS)/PEO blends. The results obtained was further compared with their corresponding as-
casted samples. The PEO weight fraction was varied from 0.1 to 0.4. It was found that an
abrupt shift in the nucleation mechanism from heterogeneous to homogeneous occurs when
the PEO weight fraction was decreased from 0.3 to 0.2 in the nanofibers. The change of
nucleation mechanism implied a drastic reduction of the spatial continuity of PEO domains
in the nanofibers, which was not encountered in the cast film. The melting temperature and
crystallinity of the PEO crystallites developed in the nanofibers were also significantly
lower than those in the corresponding cast films. The phenomena observed were reconciled
by the morphological observation, which revealed that the phase separation under the radial
constraint of the nanofibers led to the formation of small-sized fibrillar PEO domains with
limited spatial connectivity. The thermal treatment of the PS/PEO blend nanofibers above



the glass transition temperature of PS induced an even stronger confinement effect on PEO
crystallization. It was also observed that the overall crystallization behaviour further
depended on the PEO molecular weight. Furthermore, within the confined domains, PEO
of two different molecular weights were found to cocrystallize which otherwise exhibited
phase segregated crystallization behaviour. This was attributed to the restricted mobility of
the PEO chains within the confined domains. However, such geometrical confinement
could not restrict the phase separated crystallization behaviour of mixtures of two polymers
with different chemical structure in the electrospun nanofibers fabricated from the ternary
blends of PS, PEO, and poly(e-caprolactone) (PCL). Furthermore, the homogenous
nucleation of both PEO and PCL was suppressed whereas the heterogeneous nucleation
was enhanced in the ternary blend nanofibers even at very low weight fraction of PEO or
PCL. It will be shown that the promotion of heterogeneous nucleation was due to the
coupling between the crystallization and the concentration fluctuations of liquid-liquid
phase separation of PEO/PCL mixture dispersed in the PS matrix in the ternary blend
nanofibers. The present study provides new insights into the effect of confinement on the
crystallization behavior in crystalline/crystalline blend in the absence of junction point
constraint. The dispersed phase stability was further improved using polystyrene-block-
poly(ethylene oxide) (PS-b-PEO) block copolymer as a compatibilizer in the PS/PEO blend
nanofibers. The compatibilizer was found to locate at the interfacial region reducing the
interfacial tension which led to the formation of finer and uniformly sized PEO droplets in
PS/PEO blends. Such reduction of PEO domains in glassy PS matrix imposed further strong
geometrical restriction on PEO crystallization. As a result, additional reduction in
crystallization temperature and percentage crystallinity was observed for the PEO in the
PS/PEO nanofibers. The present study has demonstrated that the confinement driven
crystallization behavior in electrospun nanofibers could be very interesting and also

complex.
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represented with the dashed blue line. C denotes cast film whereas N
denotes nanofiber samples.

SEM micrographs of electrospun PS/PEO/PCL blend nanofibers (a) N-
S80E20L00; (b); N-S80E15L05; (c) N-S80E10L10; (d) N-S80EO5L15;
(e) N-S80E00L20 (f) N-S90E05L05.

DSC cooling (a) and heating (b) curves of PEO/PCL cast films after first
heating upto 90°C.

DSC cooling (a, ¢) and heating (b, d) curves of PS/PEO/PCL blends after
first heating upto 90°C (a, b) cast film samples and (c, d) nanofiber
samples.

SEM micrographs of the cross section of the cast films composed of
PS/PEO/PCL blends (a) C-S80E15L05; (b) C-S80E10L10; (c) C-
S80E05L15. PEO phase was selectively etched using deionized water.

DSC melting curves of PS/PEO/PCL nanofibers after cooling to pre-
decided crystallization temperature from 90°C. (a) N-S80E15L05, (b) N-
S80E10L10, (c) N-S80E05L15. The figure clearly shows that the
crystallization peak above 25°C is solely due to the heterogenous
nucleated crystallization of PEO since the subsequent heating curve only
depicts the PEO melting behavior. The heterogeneous nucleated
crystallization of PCL between 0-10°C leads to the observed melting
behavior of PCL on subsequent heating. The homogenous nucleated
crystallization of PCL (between 0 - -10°C) and that of PEO (between -
20 - -30°C) is revealed from the increase in the heat of fusion of
respective melting peaks.
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Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 6.1

Figure 6.2

WAXD profiles of electrospun PS/PEO/PCL (80/10/10) blend nanofibers
(N-S80E10L10) obtained after crystallization at different temperatures.
The samples were crystallized at the temperatures mentioned after
annealing at 90°C. The WAXD profiles shows that the crystallization
nucleation process at 31°C could be solely attributed to PEO
crystallization. The heterogeneous crystallization of PCL is visible from
the diffraction peak of PCL at 4°C. Subsequent homogenous nucleated
crystallization of PCL and PEO at -10°C and -24°C, respectively, is
revealed from the increased intensity of the diffraction peaks.

Variation of crystallization peak temperatures, attributed to
homogenous and heterogenous nucleation mechanism, of PEO and PCL
with respect to PEO composition in PS/PEO/PCL blend nanofibers.

DSC cooling (a) curves of N-SB0E10L10 blends after melt annealing at
90°C for different time; (b) variation of heat of crystallization
corresponding to each crystallization peak with melt annealing time.

DSC cooling (a, ¢) and heating (b, d) curves of PS/PEO/PCL blends after
first heating upto 90°C (a, b) cast film samples and (c, d) nanofiber
samples.

WAXS profiles of PS/PEO/PCL nanofiber at room temperature.

SAXS (a, b) plots of PS/PEO/PCL blends obtained after isothermal
crystallization at -20°C (a) cast film samples; (b) nanofiber samples. The
complete absence of scattering peak in nanofiber samples is due to lower
degree of crystallinity and the absence of coherently stacked lamellae in
the ternary blend nanofibers.

SEM micrographs showing the morphology of the electrospun
PS/PEO/PCL blend nanofiber samples after selective etching of PEO
phase with deionized water (a) N-S80E20L00; (b) N-S80E15L05; (c) N-
S80E10L10; (d) N-SB0EO05L 15 and further washing with cyclohexane to
remove PS phase (e) N-S80EO00L20; (f) N-S80E15L05; (g) N-
S80E10L10; (h) N-SBOEO5L15.

DSC cooling (a) and heating (b) curves of N-S80E10L10 sample after
thermal treatment of the samples to different melt conditioning
temperatures (Ta).

SEM micrographs of electrospun PS/PEO/PS-b-PEO blend nanofibers
(@) N-S7E3BO; (b); N- STE3B2; (c) N- STE3B4 and (d) N- STE3B6.

SEM micrographs of electrospun PS/PEO/PS-b-PEO blend nanofibers
(@) N-S8E2BO0; (b); N- S8E2B2; (c) N- S8E2B4 and (d) N- SBE2B6.
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Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

DSC cooling curves of PS/PEO/PS-b-PEQ blends, prepared as as-casted
films and nanofibers, after first heating upto 90°C. (a, b) cast film and
(c, d) nanofibers with different weight fraction of block copolymer added
samples.

DSC heating curves of PS/PEO/PS-b-PEO blend nanofibers and cast
film after first heating up to 90°C. (a, b) cast film and (c, d) nanofibers
with different weight fraction block copolymer added samples.

Variations of the thermal properties as a function of PS-b-PEO content,
as ascertained from DSC measurements, in as-casted and
electrospunned PS/PEO blends (a) melt crystallization temperature (T¢);
(b) crystalline melting temperature (Tm); (c) normalized heat of fusion.
The respective values for the neat PEO sample, in each case, has been
represented with the dashed line.

DSC cooling curves of PS/PEO(70/30) with different weight fraction of
block copolymers in nanofibers after annealing at different temperature.
(@) N-S7E3BO, (b) N-S7E3B2, (c) N-S7E3B4 and (d) N-S7E3B6.

(a, b) and (c, d) are DSC cooling and heating curves of C-S7E3B4 and
C-S8E2B4 sample, respectively, after thermal annealing at different
temperatures.

Heat of crystallization of homogeneous nucleated crystallization of PEO,
in PS/PEO(70/30) nanofibers with different weight fraction of block
copolymer, after annealing at different temperatures.

Surface morphology of electro-spun nanofibers prepared from
immiscible polymer blend of PS/PEO(80/20) after selectively etched
PEO domains using deionised water.

DSC cooling (a, b, ¢ and d) curves of PS/PEO(80/20) with different
weight fraction block copolymer added nanofibers after annealing at
different temperature. (a) N-S8E2B0, (b) N-S8E2B2, (c) N-S8E2B4 and
(d) N-S8E2B6.

Heat of crystallization of PEO in PS/PEO(80/20) nanofibers with
different weight fraction of block copolymer, after annealing at different
temperatures.

SEM micrographs showing the morphology of PEO domains in the
electrospun PS/PEO(70/30) with different weight percent of block
copolymer in the nanofibers after annealing at different temperature. (a
-a’’) N-STE3BO; (b — b’’) N-STE3B2; (c — ¢’’) N-STE3B4; (d —d’’) N-
S7TE3B6.
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Figure 6.13

Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

SEM micrographs showing the morphology of PEO domains in the
electrospun PS/PEO(80/20) with different weight fraction of block
copolymer in the nanofibers after annealing at different temperatures.
(a-a’’) N-S8E2BO; (b —b"’) N-S8E2B2; (c—c¢’’) N-S8E2B4; (d —d’’) N-
S8E2B6.

Variation in PEO domain size in nanofibers after thermal annealing at
different temperatures. (a) PS/PEO(70/30) and (b) PS/PEO(80/20)
nanofibers with different concentration of block copolymer.

Schematic illustration depicting the morphological changes of
nanofibers after treatment at different Ta. (a) uncompatibilized blend
nanofibers, (b) compatibilized blend nanofibers.

DSC cooling curves of PS/PEO2/PS-b-PEO blend nanofibers obtained
after annealing at different temperatures (a) 90°C (b) 130°C and (c)
160°C.

Schematic illustration depicting the dry brush and wet brush morphology
of PEO in the electrospun compatibilized blend nanofibers. (a) dry-
brush morphology (b) wet-brush morphology.

SEM micrographs of the electrospun PS/PEO(80/20) blended nanofibers
with PEO of different molecular weights (a) 400000; (b) 100000; (c)
35000; (d) 4000. The inset in each figure shows the corresponding
distribution of nanofibers diameter.

SEM micrographs of the electrospun PS/PEO(90/10) blended nanofibers
with PEO of different molecular weights (a) 400000; (b) 100000; (c)
35000; (d) 4000. The inset in each figure shows the corresponding
distribution of nanofibers diameter.

DSC cooling and reheating curves of PS/PEO blended nanofiber after
first heating up to 90°C. Cooling curve of (a) 80/20 and (b) 90/10 blend
nanofibers. Reheating curves of (c) 80/20 and (b) 90/10 blend
nanofibers.

Variations of the PEO thermal properties with PEO molecular weight
and composition, as ascertained from DSC measurements, in as-casted
and electrospunned PS/PEO blends (a) melt crystallization temperature
(Tc); (b) crystalline melting temperature (Tm); (c) degree of crystallinity
(Xe).

DSC cooling curves of nanofibers after thermal treatment at different
annealing temperatures (Ta). ‘a’ and ‘b’ represent 130°C and 160°C
annealed PS/PEO(80/20) nanofibers, ‘c’ and ‘d’ represent 130°C and
160°C annealed PS/PEO(90/10) nanofibers respectively.
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Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

Figure 7.11

Figure 7.12

Figure 7.13

SEM micrographs of the electrospun PS/PEQ blended nanofibers. (a) N-
S80E110E210; (b) N-S90E105E205. The inset in each figure shows the
corresponding distribution of nanofibers diameter.

DSC cooling (a) and heating (b) curves of PS/PEO blended nanofiber
after first heating up to 90°C.

DSC heating curve of mixture of high and low molecular weight PEO
inside nanofibers after quenching at different temperature from 90°C.
(@) PS/PEO1/PEO2(80/10/10) and (b) PS/PEO1/PEO,(90/05/05)
nanofibers.

DSC cooling cycles and Avrami plots of (a, d) N-S9E11 blend nanofibers;
(b, ) N-S90E105E205 blend nanofibers; (c, f) N-S9E>1 blend nanofibers.

Variation of (a) crystallization growth rate constant and (b) Avrami
exponent with cooling rate.

DSC cooling curves (a, b) and 2nd heating curves (c, d) of mixture of
high and low molecular weight PEO nanofibers after thermal annealing
at different annealing temperatures (Ta). (a, ¢) S80E110E210 nanofibers
and (b, d) S90E105E205nanofibers.

SEM micrographs showing the morphology of PEO inside nanofibers
after thermal annealing at various temperatures. (a, al, a2) S8E;2
nanofibers; (b, b1, b2) S80E110E,10 nanofibers and (c, c1, c2) S8E»2
nanofibers.

SEM micrographs showing the morphology of PEO inside nanofibers

after thermal annealing at various temperatures. (a, al, a2) S9Eil
nanofibers; (b, b1, b2) S90E;105E, 05 and (c, c1, c2) S9E1 nanofibers.
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