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Partially crystalline bisphenol A polycarbonate (BPAPC) nanofibers were successfully fabricated using
a combination of a centrifugal field (1800 rpm) and an electrostatic field (25 kV). The BPAPC solution
properties are key factors for adequately electrospinning the partially crystalline BPAPC nanofibers. The
correlation times (7¢) of methyl (z.=9.3 ns) and of benzene-ring (7. = 15.3 and 15.8 ns) motions in the
14 wt.% BPAPC/THF solution were longer than in CH,Cl, and CHCl3, as determined by NMR. The distri-
bution-peak maximum of the hydrodynamic radius of BPAPC in the 14 wt.% THF solution (R, = 15 A) was
higher than in CH,Cl, (R, = 9.2 A) and CHCl3 (R, = 7.9 A), as evidenced by DLS data. We conclude that the
BPAPC assumed a denser, more worm-like chain conformation in THF solvation.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

An important property of bisphenol A polycarbonate (BPAPC) is
its high impact strength even at well below its glass-transition
temperature (150 °C). BPAPC has been widely used as an engi-
neering polymer due to its toughness, weather durability, and
transparency. BPAPC is difficult to crystallize in the bulk state and is
therefore generally used in the amorphous state. However, many
researchers [1—9] have concluded that BPAPC can be transformed
into a partially crystalline state using specific methods, which
consequently alter its mechanical properties. For example, Taka-
hashi et al. [2] used a vapor-grown carbon fiber (VGCF) with
a magnetic field to induce BPAPC crystallization. Hu and Lesser [4]
incorporated nano-scale clay into a BPAPC resin in the presence of
supercritical carbon dioxide; using this approach, the induction
time for crystallization was reduced, and the crystallization rate
increased significantly. Laredo et al. [6] predicted that BPAPC
crystallization would be enhanced if BPAPC were blended with poly
(e-caprolactone).

Although there are many methods for preparing partially crys-
talline BPAPC [1—9], these processes require specific conditions.
Accordingly, the development of a method for preparing partially
crystalline BPAPC materials without complicated procedures is
currently a very active research field. Furthermore, recent
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developments in nanotechnology have allowed organic and inor-
ganic materials to be fabricated at the sub-microscale and nano-
scale. Electrospinning has emerged as a promising technique for
fabricating high-performance polymer nanofibers [10—28].
Although BPAPC has been electrospun into nanofibers by many
groups, no evidence to date has emerged to suggest that partially
crystalline BPAPC nanofibers could be prepared by electrospinning
[29—41]. It is known that transformation of a polymer solution into
nanofibers through electrospinning is influenced by various
parameters [10,17]. These parameters include solution properties,
operational and ambient variables in the electrospinning process,
among which the polymer conformation in the solution used for
electrospinning may be a key factor in determining the ultimate
molecular structure of the electrospun polymer nanofibers.
Solvent-induced BPAPC crystallization has been investigated
using both liquid solvation and solvent vapor techniques, each of
which offers various advantages [42—52], mainly with regard to the
kinetics of crystallization. A number of studies [53—64] have used
both theoretical and experimental methods to investigate the
behavior of BPAPC at the molecular level. However, several ques-
tions concerning the structure and motion of BPAPC remain open,
for example: (a) Most researchers have focused mainly on local
chain conformation in the solid BPAPC as evidenced using NMR
data. To date, the relationships between trans-trans- and trans-cis-
conformers, molecular motion, and the conformation of BPAPC
dissolved in different solvents and their implications for fabricating
partially crystalline BPAPC are not well understood. (b) The effects
of reversible and nonreversible heat flows on the populations of
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trans-trans- and trans-cis-conformers in the partially crystalline
BPAPC remain unclear.

In this study, we report that partially crystalline BPAPC nano-
fibers can be obtained via a new electrospinning process, in which an
additional centrifugal force is exerted on the extruded polymer
nanofibers. Three solvents (CH,Cl,, CHCl3, and THF) were used to
prepare the polymer solutions for electrospinning and only with THF
were we able to obtain partially crystalline BPAPC nanofibers. The
results imply that the final morphology of the nanofibers is closely
related to the molecular motion and polymer conformation in the
solution state. Therefore, the conformation, dynamics, and aggre-
gation behavior of BPAPC in the three solvents were investigated
using Raman and NMR spectroscopy together with DLS analysis.

2. Experimental
2.1. Materials

BPAPC resin pellets (My, = 1.68 x 10° g/mol, M, = 1.34 x 10° g/
mol, polydispersity index ~1.25) were supplied by Chi-Lin Tech-
nology Co., Ltd. Dichloromethane (CH;Cl,, Aldrich Co. Ltd.), chlo-
roform (CHCl3, Aldrich Co. Ltd.), and tetrahydrofuran (THF, Aldrich
Co. Ltd.) were selected as carrier solvents for this study.

2.2. Solution preparation

The polymer and solvents were used as received without puri-
fication. To prepare electrospinning solutions with different
weight-percent concentrations (as listed in Table 1), pre-weighed
amounts of polymer and solvents were mixed for several hours
until homogeneous solutions were obtained. To fabricate the BPAPC
nanofibers, the optimal amounts of BPAPC in the different solvents
were 10 (CHxCly), 12 (CHCl3), and 14 (THF) wt.%.

2.3. Novel electrospinning setup and electrospinning conditions

The apparatus used for horizontal dynamic spinneret electro-
spinning consisted of a computer-controlled power supply (range:
1-60 kV), a syringe pump (range: 0.05—10 mL/h), a three-phase
induction motor (1800 rpm), a polytetrafluoroethylene (PTFE) tube
(outer diameter of approximately 6 cm), and a copper ring (inner
diameter of approximately 40 cm), as shown in Fig. 1(a)—(d).

In order to prevent interference from ambient variables, the
electrospinning experiments were performed at 25 °C under the
relative humidity of 68%. The optimal parameters for producing the
BPAPC nanofibers were found as following: flow rate = 0.25 mL/h,
spinneret tip-to-collector distance = 20 cm, electrical field = 25 kV,
and centrifugal field =1800 rpm. The residual solvent of the
nanofibers was removed in a vacuum oven at 25 °C. After the
solvent was completely removed, the nanofibers were subjected to
SEM and XRD analyses and sealed in the aluminum pan for the
subsequent MDSC analysis.

Table 1
Physical properties of BPAPC dissolved in CH,Cl,, CHCl3, and THF.

2.4. Analysis

A viscosity meter (AND Vibro-Viscometer SV-10, range:
0.3—10,000 mPa s), a conductivity meter (Trans Instruments Wal-
KkLAB A Microcontroller with LSI Technology Automatic Tempera-
ture Compensation, range: 0.1 uS-100.0 mS), and a surface-tension
meter (FACE surface tensiometer CBVP-A3) were used to measure
the solution properties (listed in Table 1) at 25 °C and at 68% rela-
tive humidity.

Modulated  differential-scanning  calorimetry = (MDSC)
measurements were carried out using a TA Instruments Q2000
Modulated DSC instrument. Samples were heated from 25 °C to
300 °C at 5°C/min, 100 s modulation, and 1.326 °C modulation-
temperature amplitude. MDSC uses two simultaneous heating
rates, namely, linear and sinusoidal. The MDSC sinusoidal heating
rate allows for separation of the total DSC heat flow signal into
two components: the reversible component includes heat
capacity and accounts for most of the melting activity, while the
nonreversible component includes enthalpy relaxation and ther-
moset curing. Infrared spectra were recorded on a Varian 2000
FT-IR instrument under standard operating conditions. Each
spectrum was calculated as the average of 50 scans at a resolution
of 4cm~!. We saw a conformationally sensitive in-plane aromatic
group-stretching vibration at 1600 cm™! [65]. This band contained
clearly identifiable contributions from trans-trans- and trans-cis-
conformers at approximately 1594 cm~! and 1604 cm™!, respec-
tively. The spectra in the range of 1500—1700 cm~! were then
analyzed individually using a commercially available curve-fitting
program that was specially adapted to evaluate spectroscopy data
(PeakFit).

Structural information was obtained from Raman scattering
spectroscopy using an Nd:YAG laser with a wavelength of 532 nm
as the light source. NMR experiments were performed on
a Bruker AVANCE-500 spectrometer at resonance frequencies of
125.75 MHz for 3C and 500.10 MHz for 'H, respectively. The >C
NMR chemical shifts were externally referenced to tetrame-
thylsilane (TMS). All 3C Ty relaxation times were measured using
the inversion-recovery pulse sequence. Dichloromethane-d,
(Aldrich Co. Ltd.), chloroform-d; (Aldrich Co. Ltd.), and tetrahy-
drofuran-dg (Aldrich Co. Ltd.) were used as solvents in the NMR
experiments. Requisite amounts of polymer and solvents were
mixed for several hours until homogeneous solutions were
obtained.

DLS measurements were carried out using an ALV/CGS-3 light-
scattering spectrometer equipped with an ALV/LSE-5003
multiple-t digital correlator. A JDS-Uniphase solid-state He—Ne
laser with an output power of ~22 mW and operating wave-
length of 632.8 nm was used as the light source. DLS is a highly
effective tool for observing the dynamic behavior of polymer
chains in solution given different length and time scales. With
this technique, increases of hydrodynamic volume in the gelation
region may be measured and sol—gel transitions can be readily
identified [66].

Solvent® Weight Percent Viscosity Surface Tension Operation Variables
(We%) (P) (mN/m) Flow rate Spinneret tip-to-collector Electrostatic field Centrifugal field
(mL/hr) distance (cm) (kV) (rpm)
BPAPC CH,Cl, (e =9.1) 10 373 284
CHCl3 (e =4.7) 12 141.0 295 0.25 20 25 1800
THF (¢ = 7.5) 14 48.1 282

@ € permittivity.
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Fig. 1. Novel electrospinning technique for preparing partially crystalline BPAPC nanofibers; (a) Schematic illustration of the apparatus; (b) photograph of apparatus, (c) static

motion of electrospinning, and (d) dynamic motion of electrospinning.

3. Results and discussion
3.1. Electrospinning conditions for the BPAPC nanofibers

Eight different solvents (chlorobenzene (CgHsCl), chloroform
(CHCI3), dichloromethane (CHCly), tetrahydrofuran (THF), 1,2-
dichloroethane (CH4Cly), 1,1,2,2-tetrachloroethane (CyH»Cly),
1,1,2,2-tetrachloroethylene (C,Cly), N, N-dimethylformamide (DMF))
were initially selected attempting to prepare the BPAPC nanofibers.
However, the high-quality BPAPC nanofibers could be produced only
by using the BPAPC/CH,Cl,, BPAPC/CHCl3, and BPAPC/THF solutions.

Furthermore, three different concentrations of polymer solution
(10, 12, 14 wt.% for each solvent) were used for electrospinning. We
found that uniform BPAPC nanofibers could be obtained by using
10 wt.% BPAPC/CH,Cl,, 12 wt.% BPAPC/CHCl3, and 14 wt.% BPAPC/
THF solutions, respectively. The uniform BPAPC nanofibers are
uniaxially oriented without forming beaded nanofibers. The
optimal parameters for producing the BPAPC nanofibers were
found to be as follows: flow rate=0.25 mL/h, spinneret tip-to-
collector distance = 20 cm, electrical field = 25 kV, and centrifugal
field = 1800 rpm. The BPAPC nanofibers obtained using THF as the
solvent are partially crystalline. Nevertheless, the BPAPC nanofibers
from the 10 wt.% BPAPC/CH,Cl;, and 12 wt.% BPAPC/CHCl; solutions
are completely amorphous.

It should be noted that by means of the conventional electro-
spinning process and using THF as the solvent, the resulting BPAPC
nanofibers are amorphous. Therefore, in addition to the solvent
effect, the centrifugal force acting on the extruded fibers is also
a key factor for producing the partially crystalline BPAPC nano-
fibers. The centrifugal field (1800 rpm) can effectively remove the
perturbation phenomena, including the bending instability, during
the electrospinning process. Moreover, the electrospun BPAPC
nanofibers are uniaxially aligned in the presence of the centrifugal
field. The strong stretching force from the centrifugal field, coupled
with the preferred polymer conformation in the solution, probably
can promote crystallization of the BPAPC fibers.

3.2. Crystallinity of the BPAPC nanofibers

As shown in the SEM images (Fig. 2(a)—(1)), most of the nano-
fibers were uniaxially aligned and exhibited favorable aspect ratios,
superior to those produced by other fabrication processes [29—41].
The diameters of the BPAPC nanofibers prepared from the BPAPC in
the CH,Cl,, CHCl3, and THF solutions were approximately 1536;
967; and 221 nm, respectively. The diameter of the BPAPC nano-
fibers prepared from BPAPC in the THF solution was only 1/7 to 1/5
of that from the CH,Cl; and CHCl3 solutions. When examined under
high magnification (Fig. 2(d)), the surfaces of the BPAPC nanofibers
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Fig. 2. FE-SEM images of uniaxially aligned BPAPC nanofibers. (a)—(d) BPAPC nanofibers prepared from BPAPC/CH,Cl; solution, (e)—(h) BPAPC nanofibers prepared from BPAPC/
CHCl; solution, and (i)—(1) BPAPC nanofibers prepared from BPAPC/THF solution at 25 kV and 1800 rpm. (The average diameter displayed in each sample was calculated by averaging

over 30 fibers).

exhibited irregular puckers and wrinkles. In Fig. 2(h) and (1), the
surfaces of the BPAPC nanofibers clearly exhibit irregular notches.
The formation of puckers and notches might result from strong
stretching on account of the combined electrostatic and centrifugal
fields, together with rapid evaporation of the solvent.

MDSC was used to confirm the extent of crystallinity of the
BPAPC nanofibers and to calculate the reversible heat flow ratio. In
Fig. 3(a) and (b), the MDSC thermogram and deconvolution curves
confirm that total, reversible, and nonreversible heat flow data

were not correlated with melting behavior. As shown in Fig. 3(c),
the proportions of reversible and nonreversible heat flows in the
BPAPC nanofibers prepared by electrospinning were 75% (7.18 J/g)
and 25% (2.33]/g), respectively. The degree of crystallinity within
the BPAPC nanofibers was approximately 6.5%. For comparison, the
proportions of reversible and nonreversible heat flows in the THF-
casting BPAPC film (Fig. 3(d)) prepared without electrospinning
were 47% (2.64]/g) and 53% (2.96 ]/g), respectively. The degree of
crystallinity of the THF-casting BPAPC film was approximately 2.4%.
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Fig. 3. The first-heating DSC curve of BPAPC nanofibers and membrane from 25 °C to 300 °C at 5 °C/min. (a) BPAPC nanofibers from BPAPC/CH,Cl, solution with electrospinning, (b)
BPAPC nanofibers from BPAPC/CHCI3 solution with electrospinning, (c) BPAPC nanofibers from BPAPC/THF solution with electrospinning, and (d) BPAPC membrane from BPAPC/THF

solution without electrospinning.

The electrospinning process can effectively decrease the degree of
enthalpy relaxation and increase the BPAPC crystallinity to fabri-
cate partially crystalline BPAPC nanofibers. The nanofibers that
were prepared from the BPAPC in the CH,Cl, or CHCI3 solutions
failed to exhibit any crystalline features. However, the BPAPC
nanofibers prepared from the BPAPC/THF solution did exhibit
crystalline features. Similarly, the BPAPC film exhibited crystalline
features. In particular, Fig. 3(c) and (d) reveal that the proportion of
nonreversible heat flow (enthalpic recovery or thermoset cure) for
the BPAPC film without electrospinning was larger than for the
BPAPC nanofibers that were produced using electrospinning.

The degree of crystallinity for the BPAPC nanofibers depends on
the ratio of trans-trans-conformers, a metric that can be deter-
mined by FT-IR spectroscopy. Two idealized conformations were
found that are consistent with existing fiber data on crystalline
BPAPC [55]. The spectral band at 1600 cm™! for in-plane aromatic-
group-stretching vibrations is conformationally sensitive, contain-
ing clearly identifiable contributions from trans-trans- and trans-
cis-conformers at approximately 1594cm~! and 1604 cm’,
respectively [65]. In this study, all the spectra were put through
a Lorentzian amplifier and curve-fitted using fixed peak positions
to determine the areas under the peaks, as shown in Fig. 4(a)—(d).
The ratios of the trans-trans- and trans-cis-conformers were
calculated using the equation proposed by Lu et al. [67]. In Fig. 4(a),
the percentages of trans-trans and trans-cis conformers in the
BPAPC nanofibers prepared from the BPAPC/CHCl;, solution were
49% (1593 cm~!) and 51% (1597 cm~!), respectively. The

percentages of trans-trans- and trans-cis-conformers in the BPAPC
nanofibers prepared from the BPAPC/CHCl3 solution were 53%
(1593 cm™1) and 47% (1599 cm™1), respectively, as shown in Fig. 4
(b). In Fig. 4(c), the percentages of trans-trans- and trans-cis-
conformers in the BPAPC nanofibers prepared from the BPAPC/THF
solution were 65% (1593 cm™') and 35% (1601 cm '), respectively.
The percentages of trans-trans- and trans-cis-conformers in the
BPAPC film were 45% (1592 cm™!) and 55% (1601 cm™ '), respec-
tively, as shown in Fig. 4(d). Fig. 4(c) illustrates how the fraction of
trans-trans-conformers in BPAPC nanofibers prepared using elec-
trospinning was higher than in the other fibers. Moreover, the
changes in trans-trans- and trans-cis-conformers were not the sole
factor of relevance to enthalpy relaxation. The diffusion of trans-cis-
conformers along a chain may have contributed to enthalpy
relaxation via a modification of interchain interactions [54]. Thus,
the enthalpy relaxation was decreased substantially with the
increasing fraction of trans-trans-conformers via the electro-
spinning process. MDSC and IR results revealed that the proportion
of trans-cis-conformers in the partially crystalline BPAPC was
consequently decreased on account of the electrospinning process.

The aforementioned results suggest that crystalline BPAPC
nanofibers may only have been produced from the BPAPC/THF
solution. In contrast, the BPAPC nanofibers that were fabricated
from the BPAPC/CH,Cl, and BPAPC/CHCls solutions exhibited no
crystalline features. In addition, the degree of crystallinity for the
BPAPC nanofibers was strongly associated with the content of
trans-trans-conformers of the polymer [64]. These facts suggest



2892 C.-C. Liao et al. / Polymer 51 (2010) 2887—2896

1597 em™ | o]

L. 1593 cm

boomizs

e

boowes.

omiers]

e, L,cn‘ SV

X

U g oC
i

- ool O

s sawe)

HOETS = DTS-
i ‘

OIS : 3 . o D00BES-

o o ——
.
i

100022222 o -

i

<.
0.0022222-
bo.0010444 00019444
ko ooreest 00016867

ko 0013889

Faggy

0.00027778-

0.0013829:

00011111

0.00083333.

0.00085558.

Fig. 4. Curve fitting of the IR spectra in the region between 1590 and 1605 cm™". The dotted spectrum is the original band contour. The solid spectrum is the curve-fitted band
contour. (a) BPAPC nanofibers from BPAPC/CH,Cl; solution with electrospinning, (b) BPAPC nanofibers from BPAPC/CHCl; solution with electrospinning, (c) BPAPC nanofibers from
BPAPC/THF solution with electrospinning, and (d) BPAPC membrane from BPAPC/THF solution without electrospinning.

that increasing the trans-trans-conformers fraction of BPAPC in the
solution state would favor the formation of crystalline BPAPC
nanofibers by electrospinning. Furthermore, the fraction of trans-
trans-conformers in the solution state has been found to vary with
molecular motion [47,50]. In order to understand why the solvent is
the most crucial factor in determining the final morphology of
BPAPC nanofibers, we applied Raman, NMR, and DLS techniques to
study the molecular motion and conformation of BPAPC in the
different solvents.

3.3. Conformational analysis of BPAPC using Raman spectroscopy

To obtain further insight into the conformational behavior of
Ccarbonate—O—Cphenylene moiety, the BPAPC solutions in CHCly
(€=9.1), CHCl3 (e=4.7), and THF (e=7.5) were characterized by
their Raman spectra, as shown in Fig. 5(a). In the 12 wt.% BPAPC/
CHCl3 solution, a doublet at 1240 and 1220 cm™~! appears in the
Raman spectrum (Fig. 5(b)). However, in both the 10 wt.% BPAPC/
CH,Cl, and the 14 wt.% BPAPC/THF solutions, a broad band at
1240 cm™! appears in the Raman spectra. Dybal et al. [64] have

suggested that the bands exhibit frequency shifts due to the
changing permittivity of the solvent. Fig. 5(b) shows the intensity of
the high-frequency component of the doublet gradually increasing
with greater permittivity. The transition from the amorphous to the
crystalline (a shift from 1220 to 1240 cm ') was due to Cearponate-
—0O—Cphenylene-stretching vibrations. In the 14 wt.% BPAPC/THF
solution, the Ccarbonate—O—Cphenylene-Stretching vibrations at
1030 cm~ ! were more significant than in CH,Cl, or CHCls (Fig. 5(c)).
These band shifts and band splittings in the Ccarbonate—O—Cphenylene
stretching behavior can be explained by strong resonance transi-
tion dipole-transition dipole (TD) interactions of the closely
ordered carbonate groups in the crystalline cell [64]. The band at
765 cm~! in the amorphous form was shifted to 738 cm~! in the
crystalline form (Fig. 5(d)). The characteristic crystalline bands at
738 cm~! in the Raman spectra corresponding to the localized
skeletal vibrations were probably related to the regular ordering
along the chain [64]. If sufficiently long regular sequences are
present in the specimen, frequency shifts can result due to the
presence of all-trans- sequences, as in the case of polyethylene
reported by Snyder [68]. These data indicate that BPAPC in the THF
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Fig. 5. Raman spectra of BPAPC: (a) BPAPC/CH,Cl; (e =9.1), CHCl3 (e = 4.7), and THF (¢ = 7.5) solutions; (b) Bands corresponding to the Ccarbonate—O—Cphenylene-Stretching vibrations
in the region of 1200—1300 cm™; (c) Cearbonate—O—Cphenylene-Stretching vibrations in the region of 950—1100 cm™"; (d) Amorphous and the crystalline forms in the region of

700800 cm™ .

solution favors trans-trans-conformation, but in CH,Cl, or in CHCls,
the trans-cis-conformation is favored. Additionally, the crystallinity
was also substantially promoted with increasing fractions of trans-
trans-conformers [64].

3.4. Molecular dynamics of BPAPC

Carbon-13 relaxation is commonly used to study the dynamics
of polymers in polymer solutions, as the relaxation of protonated
carbons can be attributed mainly to '3C—'H dipolar interactions
from the attached protons. The relaxation rate of protonated >C
can be interpreted using only the dipolar coupling. Furthermore,
the 13C spin-lattice relaxation time (T;) and correlation time (t.) as

computed from the simple dipolar-coupling model can be used to
characterize gross changes in the segmental motions of polymers,
as illustrated in Fig. 6. The 3C spin-lattice relaxation rate is domi-
nated by dipolar interactions between the carbon and its directly
bonded protons, as described in Eq. (1):

U(wy — c) + 3] (wc) + 6J(wy + o))

(1)

where n is the number of directly attached protons, ug is the
vacuum magnetic permeability, yc and yy are the carbon and
proton magnetogyric ratios, h is the Planck constant, y is the
internuclear distance, and wy and wc¢ are the proton and carbon

1 1(&0)2737%1"12
TPD ~ 10\4n/) ~ 46
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Fig. 6. Experimental dipolar patterns for a methyl carbon and an aromatic C—H pair at resonance frequencies of 125.75 MHz for *C and 500.10 MHz for 'H for the 14 wt.% BPAPC in

THF solution.

frequencies, respectively. The distance between the carbon and
protons is 1.08 A for the methyl carbon and 1.09 A for the aromatic
carbon. The spectral density function, J(w), based on the isotropic
rotation model, was used to calculate the rotational correlation
time (7).

Table 2 lists the 7. values of the methyl and tertiary phenyl
carbons of BPAPC in CH,Cly-dy, CHCl3-dq, and THF-dg, respectively.
We found that BPAPC in THF had the largest 7. A short 7. is asso-
ciated with rapid molecular motion and a long 7. with restricted
mobility [69]. The velocity of the horizontal flip of the methyl and
benzene ring of the BPAPC in THF-dg was the slowest.

3.5. Dynamic behavior of polymer solution as revealed by DLS data

Fig. 7(a)—(c) show the normalized intensity-correlation function
and the normalized distribution function as revealed by dynamic
light scattering for the BPAPC in CH,Cl,, CHCl3, and THF at 25 °C. In
BPAPC nanofibers prepared from THF the crystallization is more
pronounced, probably caused by the low solubility of the BPAPC in
THEF, in comparison with CH»Cl; and CHCls. Here, we only discussed
the nano-scale hydrodynamic radii (Rp). As shown in Fig. 7(a), the
10 wt.% BPAPC/CH,Cl; solution yielded three peaks, indicating the
Rn of 35 nm, 9.2 A, and 0.2 A. In Fig. 7(b), the 12 wt.% BPAPC/CHCl;
solution featured two peaks at R, of 67 nm and 7.9 A. Fig. 7(c)
shows the Ry in the 14 wt.% BPAPC/THF solution; of note, the
correlation function is shifted to longer times along the relaxa-
tion—time axis; the Ry, exhibits three peaks at 33 nm, 1.5 nm, and
~0.7A

The second virial coefficient, A, and the statistical radius,
<S, > 2, obtained by static dynamic scattering, decreased
significantly in the dilute BPAPC/THF solution [70]. From this, we
could calculate the dimensionless quantity A;M,,/[n] as a func-
tion of [n]/[n]s for the BPAPC in CH,Cl,, CHCl3, and THF. We used
the intrinsic viscosity, [n#] and the value of [n] at the theta
condition, [n]g, as reported by Berry et al. [71]. The interpene-
tration function, ¥, as defined by AsMZ/(4m32Na<S, > 3/2) for
flexible chains [72] was then calculated to be 0.19 for CHCI3 and
0.17 for THF. The AoMy/[n] and ¥ values suggest that the BPAPC
chains in THF may not be completely flexible but are rather
probably somewhat stiff or rigid [70,73]. It is known that flexible
chains have smaller excluded-volume effects than stiff chains
[74]. At a higher concentration, the influences due to interchain
excluded-volume effects become more significant. Our experi-
ment demonstrated that the attractive interaction between the

Table 2
Spin-lattice correlation time for a methyl carbon and an aromatic C—H pair for
BPAPC dissolved in CH,Cl,, CHCls, and THF.

Correlation time (1)

Methyl No. 2 position of No. 3 position of
phenyl ring phenyl ring
BPAPC/CH,Cl, solution® 8.5 ns 13.1 ns 13.4 ns
BPAPC/CHCl; solution® 7.8 ns 10.2 ns 10.7 ns
BPAPC/THF solution® 9.3 ns 15.3 ns 15.8 ns

2 The BPAPC content is 10 wt.%.
b The BPAPC content is 12 wt.%.
¢ The BPAPC content is 14 wt.%.
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Fig. 7. Normalized intensity-correlation function, g%(t)-1, of BPAPC in solution at comparable concentrations at § =90° and at 25 °C: (a) BPAPC dissolved in CH,Cl,, (b) BPAPC

dissolved in CHCls, and (c) BPAPC dissolved in THF. Inset: Corresponding normalized distribution function.

BPAPC and THF was very weak, barely inducing a smaller
extension of the BPAPC chains.

We observed that the major Ry, occurs at 9.2 A in the case of
CH,Cly, which suggests that the internal relaxation modes of the
networks can be divided into loose and tight conformations
[75—78]. The loose conformation did not aggregate easily due to
high affinity for the solvent [70]. The smallest R, (~0.2 A) may be
attributed to flipping of the benzene ring in the aggregates. The
BPAPC in CHCl3 exhibited only the largest and major Ry. Since the
free motion of benzene-ring flipping and the free translational
diffusion of the individual chains are not affected by interchain
aggregation, the smallest Ry, did not exhibit any remarkable change.
However, the major R}, of the BPAPC in CHCl3 was smaller than in
CH,Cl5, because the intramolecular and interchain motions of the
aggregates became more active. Conversely, the major Ry, of the
BPAPC in THF was larger than in the case of CH,Cl, and CHCl3
because the intramolecular and interchain motions in the aggre-
gates became more restricted. Thus, we conclude that a denser and
more worm-like conformation resulting from the large excluded-
volume effect served to restrict the mobility of the methyl and
benzene ring.

Our results suggest that the polymer—solvent interaction
between BPAPC and THF was weaker than in the case of CH,Cl, and
CHCl3. The BPAPC chains probably adopted more densely worm-
like conformations (or a more compact internal structure) in the

THF case [70]. By contrast, the BPAPC chains preferentially adopted
a more extended worm-like conformation in CH,Cl, and CHCls.
Chain collapse and aggregation probably occurred when the BPAPC/
THF solution became more concentrated [47], and the collapse and
aggregation from a more densely worm-like conformation may
have induced crystallization.

4. Conclusions

Partially crystalline BPAPC nanofibers were successfully
fabricated through electrospinning in our laboratory. The crys-
tallinity of the BPAPC nanofibers was observed to increase pro-
portionally with the fraction of trans-trans-conformers as
determined by MDSC and PeakFit. The BPAPC in THF solution was
a key factor for adequately electrospinning the partially crystal-
line BPAPC nanofibers. The effects of solvent quality on the
molecular motion and conformation of the BPAPC in solutions
with CHyCl,, CHCl3, and THF were characterized by Raman and
NMR spectroscopy and DLS. In the 14 wt.% BPAPC/THF solution,
the molecular motion, as determined by NMR, and the confor-
mation, as determined by DLS, were both shown to promote
trans-trans-sequences, resulting in higher crystallinity in the
electrospun fibers.
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