CHAPTERYV
MORPHOLOGY AND PHOTOPHYSICAL PROPERTIES OF
ELECTROSPUN LIGHT-EMITTING POLYSTYRENE/
POLY(P-PHENYLENE ETHYNYLENE) FIBERS

51 Abstract

Ultra-thin fibers, consisting of blends of a PPE derivative and polystyrene,
with average diameters ranging from 430 to 1200 nm, were produced by
electrospinning. The electrospinnability was significantly improved by adding
pyridinium formate to the spinning solution. FT-IR spectroscopy was used to
confirm the composition of the electrospun fibers and their morphology was probed
by SEM. The optical properties of the as-prepared solutions, pristine and annealed
fibers, and corresponding spin-coated and solution-cast films were investigated by
UV-vis spectroscopy. A comparison of the PL emission spectra revealed aggregation
of PPE molecules in the electrospun materials but the extent of aggregation can be
reduced if the materials are annealed above the glass transition temperature.

(Key-words: Electrospinning; Photophysics; Polymer blend:; Poly(/?-phenylene
ethynylene); Polystyrene)
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5.2 Introduction

Since the discovery of the electrical conductivity in p-conjugated polymers
thirty years ago,[I] (semi)conducting polymers have become the focus of intense
research and development activities around the world.[2] Their use as synthetic
metals[3] and as organic semiconductors in light-emitting diodes,[4] field-effect
transistors,[5] photovoltaic devices,[6] sensors[7] and many other applications, has
led to rapid growth of the field. Many different families of conjugated polymers, for
example, poly(phenylene vinylenejs (PPVs),[8] poly(fluorene)s (PFs),[9] and
poly(phenylene ethynylenejs (PPEs),[10] are being studied, often with the objective
of tailoring their properties to meet the needs of these applications. PPE and its
derivatives represent an interesting family because of their nonlinear optical
characteristics,[11] photo-[12] and electroluminescent properties,[13] charge-carrier
mobility,[14] and chemical responsiveness,[15] which make them attractive for use
in applications that include organic light-emitting diodes,[16] light polarizers,[17]
liquid crystal displays (LCDs),[18] transistors,[19] solar cells[20] and sensors.[21]
Recently, cross-linked PPE networks[22] were demonstrated to be of a microporous
nature with specific surface areas that exceed those of activated carbons and offer
investigations with regards to the properties of PPES have been in either solution or
thin films, relatively little attention has been paid to the study of the polymers in the
form of ultra-fine fibers, which offer high aspect and high surface area to volume or
mass ratios.

Recently, Bunz and coworkers reported the investigation of the morphology
and photophysical properties of electrospun (e-spun) poly(arylene ethynylengjs
(PAEs) with dioctyl or polycaprolactone (PCL) side chains.[24] Interestingly,
poly(2,5-dioctyl-p-phenylene ethynylene) with a degree of polymerization (DP) of
60 could only be sprayed into microspheres with average diameters of 1-1.5 pm, but
not spun into fibers. On the other hand, grafting PCL chains with a DP of at least 65
to either a poly(p-phenylene ethynylene) or poly(benzothiadiazoleco-alkyne-co-
benzene-co-alkyne) core resulted in materials that could, under optimized conditions,
be spun into welldefined fibers with diameters ranging from 50 nm to 1 pm. The
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nature of the solvent, the concentration of the polymer in the spinning solution, and
the DPs of the PCL side chains and the PAE core were all found to play a major role
in determining the morphology of the electrospun products obtained. Most
importantly, the high-molecular-weight PCL side chains employed by Bunz
contribute significantly to the viscosity of the solution, allowing electrospinning (e-
spinning) of high-quality fibers.[24] On the other hand, e-spinning of a more
common PPE derivative (i.e., one in which the electrospinnability is not imparted
through high molecular weight side chains) into fiber form has not yet been reported.
This appears directly related to rheological limitations.[25-32] PAES are often
produced as materials of rather low-molecular weight, sometimes deliberately to
maintain good solubility,[12a] so that even at their solubility limit they form
solutions of low viscosity. [24]

We here report an approach that is orthogonal to the high-DP side chain
route, namely the e-spinning of blends of a common poly(2,5-dialkoxy-p-phenylene
ethynylene) derivative featuring an alternate substitution of ethylhexyloxy and
octyloxy in the 2 and 5 positions of the phenylene rings (EHO-OPPE:[12a] see
Figure 5.1) and polystyrene (PS) as an ‘inert’ carrier polymer. We demonstrate that
this approach allows one to produce ultra-fine fibers with diameters that range from
hundreds of nanometers to one micrometer.

5.3 Experimental

5.3.1 Materials and Preparation of Solutions for Spinning and Casting

Films

EHO-OPPE (Mn» 14,000 Da; Figure 5.1) was synthesized following
a procedure previously described.[12a] PS (Mw 3.0 x 105Da; pellet form) was a
general purpose grade from Dow Chemicals (USA). The solvents used were 1,2-
dichloroethane [DCE; Lah-Scan (Asia), Thailand] and chloroform (CF; Carlo Erba,
Italy). Pyridinium formate (PF), a volatile organic salt, was prepared by reacting
pyridine [Lab-Scan (Asia), Thailand] and formic acid (Merck, England) in an
equimolar quantity. Solutions of 8.5% (wl/v) PS/EHO-OPPE in DCE or CF (the
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compositional weight ratio between PS and EHO-OPPE being 7.5:1) with or without
the addition of 8 vol.-% PF Were prepared by combining all compounds and stirring
at room temperature for 5 min. A solution of 8.5% (w/v) PS in DCE was prepared in
similar fashion and was used as a reference.

Figure 5.1 Chemical structure of EHO-OPPE, the PPE derivative used.

5.3.2 Electrospining

E-spinning of the as-prepared solutions was carried out under an
electrical potential of between 7.5 and 20 kv. Unless otherwise indicated, products
(i.e., fibers and/or beads) were spun at an applied electrical potential of 15 kv. The
collection distance and the collection time were fixed at 10 cm and 1 min,
respectively. Each of the freshly-prepared spinning solutions was placed ina 5 mL
plastic syringe, the open end of which was connected to a blunt 20 gauge stainless
steel hypodermic needle (outer diameter = 0.91 mm), which was used as the nozzle.
An aluminum foil wrapped around a rigid plastic sheet was used as the collector
plate. The emitting electrode of positive polarity from a Gamma High-Voltage
Research ES30P DC power supply (Florida, USA) was connected to the needle,
while the grounding electrode was connected to the collector plate. The feed rate of
the solution was controlled by means of a Kd Scientific syringe pump at 1 mLTfL
Where applicable, the e-spun fibers were annealed for between 5min and 1h at 110
¢, which is above the glass transition temperature (Tg) of PS (95 C[33]).



5.3.3  Spin-Coating and Solution-Casting
Films of the PSIEMO-OPPE hlends were produced by either spin
coating or solution casting from solutions comprising 8-10 mg-mL-L of the polymer
blend. Spin coating was done on a Specialty Coating Systems model P6700 with
spinning speeds of 1,500-2,000 rpm to achieve a final thickness of 0.5-1 pm.
Solution casting was done on glass slides and resulted films of a final thickness of 1-
3 pm.

5.34 Characterizations

The morphological appearance of the e-spun fibers was examined by
a JEOL JSM-5410LV scanning electron microscope (SEM). The average bead
diameters and the number of heads per unit area (i.e., the bead density) of the
electrosprayed beads or the e-spun beaded fibers were calculated from measurements
of SEM images at x500 magnification. Diameters of the e-Spun fibers, where
applicable, were determined from SEM images at x 1,000 magnification, with the
average value being calculated from at least 50 measurements (for each spinning
condition). For beaded fibers, only the diameters of the fiber segments between
beads were measured. A Thermo-Nicolet Nexus 670 Fourier-transform infrared (FT-
IR) spectroscope was used to characterize the as-received PS pellets, the as-
synthesized EHO-OPPE, and some of the e-spun PS/EFIO-OPPE products. Optical
absorption and photoluminescence emission spectra of the PS/EHO-OPPE solutions
in DCE and CF with or without PF addition, the corresponding pristine and annealed
e-spun fibers, spin-coated films, and solution-cast films were measured by a Flewlett
Packard-8254A diode array UV-vis spectrophotometer (UY-vis) and a Perkin-Elmer
LS50 luminescence spectrometer (PL). For the solution measurements, a 1 mm thick
quartz cuvette was used in order to reduce the self-ahsorption effect, allowing the
detection of photon emission from front surface. For PL experiments, samples were
excited at 400 run,



5.4 Results and discussion

54.1 Morphology of the E-spun Products Spun from PS. PS/EHO-OPPE,
and PS/EHO-OPPE Added PF Solutions

Polystyrene (PS), a non-luminescent glassy-amorphous polymer, was
chosen as an ‘inert’ carrier polymer for the present study. Neat PS was e-spun for
reference purposes from 1,2-dichloroethane (DCE) to determine the morphology of
the neat polymer template when processed under the conditions selected for this
study. Figure 5.2 shows representative SEM images of the products obtained from a
8.5% (w/v) solution of PS in DCE under various electrical potentials between 7.5 and
20 kv. The e-spinning of a 8.5% (wfv) PS solution in DCE only resulted in the
formation of beads, with average size in the range of 22.6-29.0 pm (see Figure 5.2
and Table 5.1). The density of the beads on the collection plate was between 0.17 «
105and 0.56 « 105 beads-cm-2. This tendency to form beads rather than ultra-fine
fibers was previously observed and reported for PS that was e-spun from DCE or
chloroform (CF), the second solvent employed here, if the concentration of the PS
solutions was less than 10 wt.-%.[34]

Interestingly, the electro-spinnability of the PS solution in DCE was
significantly improved in the presence of a comparably small amount of FHO-OPPE
[ie, PS;EHO-OPPE = 75:1 ( / )]. Representative SEM images of the e-spun
products (see Figure 5.3a) clearly show the appearance of ultra-fine fibers with a
limited density of elongated beads. The average fiber diameters, bead size, and bead
density of the headed fibers obtained are in the range of 0.43-0.83 pm, 2.77-3.65 pm
and 143 x 1053.77 « 105 beadscm-2, respectively (see Table 5.1). To further
improve the electro-spinnability of the PS/EHO-OPPE solution, the volatile organic
salt pyridinium formate (PF) was added.[32] Figure 5.3b shows representative SEM
images of the e-spun products. Either smooth or beaded fibers with fewer beads were
observed. The average fiber diameter range increased to 0.55-0.87 pm, while the
bead size range remained about the same at 2.12-4.89 pm. However, the bead
density range decreased to 0.04 x 105432 « 105 beads cm-2. This substantial
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decrease in the bead density shows that the addition of PF helps to promote uniform
fiber formation.

Figure 52 SEM images of the electrosprayed PS beads from 8.5% (w/v) solutions
of PS in DCE (xiooo, scale bar = 10 pm). The applied electrical potential for the
electrospinning was: a) 7.5, b) 10, ¢) 125, d) 15, ¢) 17.5, and f) 20 kv.
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Table 5.1 Average fiber diameter, bead size and bead density of the electrospun products
from 8.5% (wiv) solutions of PS in DCE and 85% (wiv) solutions of PSIEHO-OPPE
(PS:EHO-OPPE = 7.5:1) in DCE and CF without and with the addition of 8 vol.-% PF. The
table lists parameters for materials e-spun at different applied electrical potentials (HV). The
collection distance was 10 cm, the collection time was 1 min and the solution flow rate was 1

mLh”"1

Solution HV  Fiber Diameters ~ Bead Sizz Bead Density
(kV) (pm) (pm) (beads-cm-2)

PSIDCE 15 - 29.05+ 1153 0.34 x 105
10.0 28,12+ 1224 0.17x 105

125 2794+ 1394 0.36x 105

150 2257+1486  0.56 x 105

175 26,92+ 1181 0.29x 105

200 - 2437+ 1208 045 105

PSEEHO-OPPE 75 0.430.14 2.8810.71 3.77x \0b
IDCE 100 0541021 2.77£0.75 352 x 105
125  061£0.17 365+ 102 2.86 x 105

150 0.7910.21 318+ 108 2.00 x 105

175 081£0.18 311+ 122 159 x 105

200 0.83£0.18 291 £0.85 143 x 105

PSEEHO-OPPE 75 0.55£0.12 2.1210.51 0.04 x 105
[DCE+PF 100  0.66£0.19 2.9620.93 0.57 x 105
125 0.70£0.15 3.580.96 0.40 x 105

150  072:024 4.89% 156 1.32 x 105

175 0.7620.28 4.74£2.85 1.25 x 105

200 0.87:0.28 4.8242.08 1.20 x 105
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Table 5.1 (Cont.) Average fiber diameter, bead size and bead density of the electrospun
products from 8.5% (wiv) solutions of PS in DCE and 8.5% (wiv) solutions of PS/EHO-
OPPE (PS:EHO-OPPE = 75:1) in DCE and CF without and with the addition of 8 vol.-%
PF. The table lists parameters for materials e-spun at different applied electrical potentials
(HV). The collection distance was 10 cm, the collection time was 1 min and the solution
flow rate was ImLTf1

Solution HV  Fiber Diameters ~ Bead Size Bead Density
(kV) (pm) (pm) (beads-cnT2)
PSIEHO-OPPE 75 051 £0.12 1365065 413, 1F
ICF 100  05640.12 1405£0.80 423« 105
125  063+0.14 1514£082 5254 105
150~ 0.66£0.15 1611119 276« 105
175 0.68£0.20 1780£1.31 2.82 « 105
200 06820.15 1805123 2464 105
PSIEHO-OPPE 75 1.040.33 1.06£0.55 0.66 « 105
ICF + PF 100 1042039 424+ 184 2.26 x 105
125 1052037 441 £2.21 &
150  112+053 5.00£2.64 =}
175 116038 5231224 9
200 1204037 5.16£3.74 1.36 x 105

The same trends were observed when CF was used as the solvent (see
Figure 5.4a and b). In this case, the average fiber diameters, bead sizes, and bead
densities of the e-spun PS/EHO-OPPE fibers from the blend solution without the
addition of PF are in the range of 0.51-0.68 pm, 13.65-18.05 pm and 2.46 x 105
5.25 x 105heads-cm~2 respectively (see Table 5.1). Here, the addition of PF in the
blend solution also resulted in an observed increase of the average fiber diameters in
the range of 1.04-1.20 pm and an observed decrease of the bead density in the range
0f 0.66 x 105-1.71 x 105beads-cnT2 On the other hand, the bead size was found to
decrease in the range of 1.06-5.76 pm (see Table 5.1).
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Figure 5.3 SEM images of the electrospun products from 8.5% (w/v) solutions of
PS/EHO-OPPE (PS:EHO-OPPE = 7.5:1) in DCE without (a) and with (b) the
addition of 8 vol.-% PF (x 1,000, scale bar = 10 pm). The applied electrical potential
for the electrospinning was (1) 7.5, (2) 10, (3) 125, (4) 15, (5) 175 and (6) 20 kv.
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Figure 53 (cont) SEM images of the electrospun products from 8.5% (wiv)
solutions of PS/EHO-OPPE (PS:EHO-OPPE = 7.5:1) in DCE without (a) and with
(b) the addition of 8 vol.-% PF (x 1,000, scale bar = 10 pm). The applied electrical
potential for the electrospinning was (1) 7.5, (2) 10, (3) 125, (4) 15, (5) 17,5 and (6)
20kV.
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Figure 5.4 SEM images of the electrospun products from 8.5% (wiv) solutions of
PS/EHO-OPPE (PS:EHO-OPPE = 7.5:1) in CF without (a) and with (b) the addition
of 8 vol.-% PF (x 1,000, scale bar = 10 pm). The applied electrical potential for the
electrospinning was (1) 7.5, (2) 10, (3) 125, (4) 15, (5) 17.5 and (6) 20 kv.
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Figure 54 (cont) SEM images of the electrospun products from 8.5% (wiv)
solutions of PS/EHO-OPPE (PS'.EHO-OPPE = 7.5:1) in CF without (a) and with (b)
the addition of 8 vol.-% PF (x1,000, scale bar = 10 pm). The applied electrical
potential for the electrospinning was (1) 7.5, (2) 10, (3) 12.5, (4) 15, (5) 17.5 and (6)
20 kV.

Based on these results, it appears that DCE is a better solvent than CF
for the e-spinning of the blend solution of PS and EHO-OPPE, hecause the average
fiber diameters, bead sizes, and bead densities of the products obtained from the
blend solutions - with and without PF - in DCE are lower than those of the products
obtained from the corresponding blend solutions in CF. Based on the quantitative
results summarized in Table 5.1, it is evident that the average diameter of the e-spun
fibers increases with increasing applied electrical potential. This is a direct result of



the increase in the total number of charged species within the jet segment, which, in
turn, causes an increase in the electrostatic forces. The increase in such forces leads
to an increase in the speed of the jet and a hypothetic decrease in the total path
trajectory of the jet, which results in an increase in the feed flow rate and ultimately
the diameters of the obtained fibers.[35,36] Clearly, the addition of PF to the
spinning solution also improves significantly the electro-spinnability of the spimiing
solution, as shown from the substantial decrease in the bead density (see Table 5.1).
In view of previous studies, which based the results on an increase in the number of
charge carriers within the jet due to the addition of PF, this result does not come as
surprise.[35,37,38]

5.4.2 Chemical Integrity of E-spun Products Spun from PS. PS/EHO-

OPPE. and PS/EHO-OPPE Added PF Solutions

FT-IR spectroscopy was conducted to confirm the existence of both
PS and EHO-OPPE constituents in the e-spun blend fibers (see Figure 5.5).
Individual spectra are shown of the as-received PS, the as-synthesized EHO-OPPE,
and the selected fiber mats which had been e-spun from 8.5% (w/v) solution of PS in
DCE and 8.5% (w/v) solutions of PS/EHO-OPPE in DCE or CF with and without the
addition of PF at an electrical potential of 15 kv. Table 5.2 summarizes some
absorption peaks specific to chemical functionalities of the PS and the EHO-OPPE
components in the e-spun fibers. Clearly, the peaks characteristic to the PS
component are observed in all of the FT-IR spectra of the e-spun fibers (i.e., at 697-
698, 754—56, 906, 1490, 2,920, 3,030 and 3,060 cnTJ. Moreover, some peaks
characteristic to the EHO-OPPE component (e.g., at 1,210 and 1,270 cnTJ) are also
observed in the FT-IR spectra of the e-spun fibers. The peak at 1,210 cm-1
corresponds to ring stretching vibrations and C-H deformation, while the peak at
1,270 cm-1 is specific to aryl alkyl ether (C-O-C) asymmetric stretching vibrations,
These results confirm the existence and the chemical integrity of both the PS and the
EHO-OPPE components in the e-spun fibers.
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Figure 5.5 FT-IR spectra of a) as-received neat PS, b) EHO-OPPE powder, and the
electrospun fibers from, c) 8.5% (wiv) solution of PS in DCE, 8.5% (w/v) solutions
of PS/EHO-OPPE (PS:EHO-OPPE = 7.5:1) in DCE without d) and with e) the
addition of 8 vol.-% PF, and 8.5% (wlv) solutions of PS/EHO-OPPE (PS:EHO-
OPPE =7.5:1) in CF without f) and with g) the addition of 8 vol.-% PF.
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Table 52 Analysis of FT-IR spectra of as-received PS, EHO-OPPE and the
electrospun products from 8.5% (w/v) solutions of PS in DCE and 5% (wiv)
solutions of PS/EHO-OPPE (PS:EHO-OPPE = 7.5:1) in DCE and CF without and

with the addition of 8 vol.-% PF

Absorption Band (cm-1,

As-received Electrospun Products
Materials

PS EHO- Py PY PS Py
OPPE EHO- EHO- EHO-
OPPE/ OPPE/  OPPH/

DCE DCE DCE CF

+PF
698 698 697 697 697
754 - %6 755 756 755
-8 - - - -
906 96 906 906 905

1,450
1,490
1,600
2,850
2,920

3,030
3,060

1030 1,030 1,030 1,030 1,030

1210 1200 1220 1210
120 - 1200 1270 1210
1,380 .
1420

1470 1450 1450 1450 1450
- 1490 1490 1490 149
1510 1600 1,600 1,600 1,600
2,860 2850 2850 2,850 2850
- 2920 2920 2920 2920
2,930
2960 - - - -
3020 3,020 3020 3,020
3,060 3,060 3,060 3,060

EHO-
OPPE/
CF
+ PF

697
156
905
1,030

1210
1,270

1,450
1,490
1,600
2,850
2,920

3,020
3,060

Assignment

CH bending vibrations in CH deformation

CH out-of-plane bending vibrations in -CH=CH-(cis) group
CH out-of-plane bending vibrations in C=CH2group

CH out-of-plane bending vibrations " -CH=CH2group
Aryl alkyl ether (C-0-C) symmetric stretching vibrations
Ring-stretching vibrations and CH deformation

Aryl alkyl ether (C-O-C) asymmetric stretching vibrations
CH bending vibrations in -CH3deformation

CH bending vibrations in -CH2 and -CH3 deformation
Asymmetric CH bending vibrations in -CH3 group

CH bending vibrations in -CH2 Scissoring group

c=c stretching vibrations in Conjugated

Symmetric CH stretching vibrations in -CH2 group
Asymmetric CH stretching vibrations in -CH2group
Asymmetric CH stretching vibrations in -CH3group
Asymmetric CH stretching vibrations in -CH3group

CH stretching vibrations in =C-H, =CH2and CH groups
CH stretching vibrations in =C-H, =CH2and CH groups
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5.4.3 Optical Properties of the Spinning Solutions. Pristing and Annealed

E-spun Fibers, and Spin-coated and Solution-cast Reference Films

The optical properties of the spinning solutions, pristine and annealed
e-spun fibers, and spin-coated and solution-cast reference films were investigated by
UV-Vis absorption and PL spectroscopy and the results are summarized in Table 5.3,
Figure 5.6a and b summarize the optical properties of the 8.5% (wiv) spinning
solutions of PS/EHO-OPPE (7.5:1 /) in DCE and CF with and without 8 vol.-%
PF. All spectra were normalized to allow for easy comparison. The emission spectra
of 8.5% (w/v) solutions of PS/EFIO-OPPE in DCE exhibit sharp peaks at 487 and
508 nm (see Figure 5.6b). The emission spectra of 8.5% (w/v) solutions of PS/EHO-
OPPE in CF are almost identical, displaying maxima at 485 and 507 nm, respectively
(see Figure 5.6h). While the solvent has a slight solvatochromie effect on the
absorption and the emission maxima of EHO-OPPE in DCE and CF, the addition of
PS and PF does not exert any appreciable influence on the optical characteristics of
the conjugated polymer. The features - splitting of the emission spectra into two
well-resolved bands and the lack of mirror image similarity between absorption and
emission - are related to vibronic coupling and are characteristic of alkyloxy-PPE
emission.[12a]

Figure 5.7a.and b show the emission spectra of fibers spun from 8.5%
(w/v) solutions of PS/EHO-OPPE with 8 vol.-% PF in DCE and CF, respectively, as
a function of the applied electrical potential. All emission spectra exhibit a broad
peak centered around 508-519 nm and weak shoulders around 457-461 and 590-599
nm. Compared to the emission spectra of the spinning solutions, the emission spectra
of the e-spun fibers show less-well-resolved features and appear Ssomewhat
broadened, indicative of aggregation of the conjugated polymer guest in the PS
matrix. While the PL spectra of the fibers that had been e-Spun at different electrical
potential exhibit minor differences (see Table 5.4), there is no specific correlation
between the emission peak positions and the applied electrical potential. It is
postulated that the slight variation in the emission peak positions occurs from the
fluctuation In the forces acting on jet segments, and hence the EHO-OPPE
molecules, during the e-spinning.
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Figure 5.6 a) Absorption and b) PL emission spectra of 8.5% (wfv) solutions of
PS/EHO-OPPE (PS:EHO-OPPE = 7.5:1) in DCE and 85% (wiv) solutions of
PS/EHO-OPPE (PS:EHO-OPPE = 7.5:1) in CF without and with the addition of 8
vol.-% PF.
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Figure 5.7 PL emission spectra of the electrospun fibers from 8.5% (w/v) solutions
of PS/EHO-OPPE (PS:EHO-OPPE = 7.5:1) with the addition of 8 vol.-% PF in a)
DCE, and ) CF at various applied electrical potentials.
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Figure s.s  Emission spectra of samples produced from solutions of 8.5% (wiv)
PS/EHO-OPPE (PS-EHO-OPPE = 75:1) in a) DCE, b) DCE with the addition of 8
vol.-% PF, ¢) CF and d) CF with the addition of 8 vol.-% PF. Samples were (1) spin-
coated films, (2) solution-cast films, (3) pristine e-spun fibers, and e-spun fibers
annealed at 110 °c for (4) 5 min, (5) 30 min, and (6) Lh.
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For the purpose of comparison, the emission characteristics of films
prepared by spin-coating and solution-casting of 8.5% (w/v) solutions of PS/EHO-
OPPE in DCE and CF with and without 8 vol.-% PF were also investigated. All spin-
coated films [Figure 5.8a-d, Series (1)] show virtually identical spectra with well-
resolved features and maxima at 470 and 508 nm. The spectral shape is
indicative of emission from well dispersed - as opposed to aggregated - PPE
molecules, [12a] suggesting that rapid solvent evaporation during spin-coating
produces kinetically-trapped, molecularly-mixed PS/EHO-OPPE blends. Presumably
due to the less polar nature of PS as the solid solvent, the emission spectra are
slightly blue-shifted compared to those recorded in DCE and CF solution (Figure
5.7). The emission spectra of the solution-cast films [Figure 5.8a-d, Series (2)] paint
a slightly different picture. Here, two major bands centered at 46573 and 529 nm
are observed. While the former coincices with the high-energy band observed in the
spin-coated films and appears to be associated with emission from well-dispersed
PPE molecules, the latter suggests emission from a neat (but disordered) PPE
phase.[12a,13¢] This finding reflects that slow solvent evaporation results in phase-
separated PS/EHO-OPPE blends, indicative of thermodynamic immiscibility of the
two polymers,

A comparison of the PL emission spectra of pristine e-spun fibers
[Figure 5.8a-d, Series (3)] with those of the spin-coated and the solution-cast films
shows that the fiber emission is virtually exclusively due to emission from a phase-
separated PPE phase. Assuming that annealing above the TgS of the polymers (% ¢
for PS; 90 ¢ for EHO-OPPE[L2b]) could change the morphology (and therewith the
optical properties) of the blends, the e-spun nanofibers were annealed for up to 1h at
110 -c. The effect of thermal annealing on the emission spectra is reflected by the
spectra shown in Figure 5.8a-d, Series 4-6. Interestingly, annealing leads to the
appearance of an emission band around 465170 nm, the intensity of which
increases with the annealing time. This finding is consistent with an increased
miscibility of the two polymers at higher temperature, causing at least a minor
portion of the conjugated polymer molecules to disperse in the PS host upon
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annealing. Obviously, that morphology is maintained when the samples are cooled to
room temperature.

Table 53 Summary of the positions of peaks and shoulders of the PL emission
spectra of 8.5% (wiv) solutions of PS/EHO-OPPE (PS:EHO-OPPE = 7.5:1) in DCE
and CF without and with the addition of 8 vol.-% PF, the corresponding spin-coated
and solution-cast films, and the as-annealed (i.e., at 110 C) PS/EHO-OPPE fibers

Samples System  Annealing Peaks (nm) Shoulders (nm)
Time High Low High Low
(min)  Intensity Intensity ~ Energy  Energy

Solutions DCE - 487 509
DCE + PF - 487 508
CF 485 506
CF+PF - 485 508 -
Spin-coated films  DCE - 470 - 490
DCE + PF - 470 - 490
CF 470 - 489
CF+PF - 470 - 489
Solution-cast films  DCE - 463 529 -
DCE + PF : 462 529
CF - 463 528

CF +PF - 462 528
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Table 5.3 (Cont.) Summary of the positions of peaks and shoulders of the PL
emission spectra of 8.5% (w/v) solutions of PS/EHO-OPPE (PS:EHO-OPPE = 7.5:1)
in DCE and CF without and with the addition of 8 vol.-% PF, the corresponding
spin-coated and solution-cast films, and the as-annealed (i.e., at 110 C) PS/EHO-
OPPE fibers

Samples  System  Annealing Peaks (nm) Shoulders (nm)
Time High Low High Low
(min) Intensity Intensity  Energy  Energy

E-spun fibers  DCE 0 503 - 463 594
5 503 - 473 595

30 505 - 473 594

60 505 - 473 595

DCE +PF 0 516 - 465 594
5 515 - 469 595

30 b13 - 465 594

60 507 - 465 596

CF 0 516 - 464 595

5 b4 - 464 594

30 509 - 469 594

60 507 - 470 593

CF +PF 0 519 - 466 595
5 b17 - 470 594

30 bl - 469 595

60 510 - 470 5%
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Table 54 Summary of the positions of peaks and shoulders of the PL emission
spectra of the electrospun fibers from 8.5% (wiv) solutions of PS/EHO-OPPE
(PS:EHO-OPPE = 7.5:1) in DCE and CF with 8 vol.-% PF at various applied
electrical potentials (HV)

Solution HV  Peak Shoulders (nm)

(kv)  (mm)  HighEnergy  Low Energy

PSEHO-OPPE 75 517 460 595

[DCE+PF 100 515 461 599

125 510 457 501

150 516 458 594

175 515 459 59

200 516 460 596

PSEHO-OPPE 75 508 460 590

[CF+ PF 100 51 460 593

125 514 457 591

150 519 459 59

175 55 458 594

200 51 459 596

5.4.3 Morphology of the Annealed E-Spun Fibers
Figure 5.9 shows representative SEM images of the e-spun PS/EHO-
OPPE fibers that had been annealed for 1 h. Minor morphological changes are
evident. Many fused sections can be observed and some parts of the annealed fibers
flattened into ribbons. Moreover, the size of the annealed fibers is slightly larger
when compared with that of the pristing fibers (see Table 5.5), a result that is
consistent with the expansion of the fused sections.
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Figure s.o SEM images of the as-annealed fibers (1 h at 110 C) electrospun from
8.5% (wiv) solutions of PS/EHO-OPPE (PS:EHO-OPPE = 7.5:1) in a) DCE, b) DCE
with the addition of 8 vol.-% PF, ¢) CF and d) CF with the addition of 8 vol.-% PF
(x 1,000, scale bar = 10 pm).
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Table 5.5 Average fiber diameter, bead size and head density of the electrospun
fibers from 8.5% ( /v) solutions of PS/EHO-OPPE (PS:EHO-OPPE = 7.5:1) in a)
DCE, b) DCE with 8 vol.-% PF, c) CF, and d) CF with 8 vol.-% PF. The fibers were
electrospun at an applied electrical potential of 15 kv and then annealed for 1h at
110 °c

Annealed Fibers  Fiber Diameters  Bead Size  Bead Density
(pm) (pm) (beads-cm-2)

PS/EHO-OPPE
IDCE 0824025 279412 326 105

PS/EHO-OPPE
Depopr 0762031 383+18 176105
PS/EF,'&OPPE 068+0.28  645+111 374, 105

PSIEHO-OPPE
CF 4+ PF 1154045  370+134 12 105

5.5 conclusions

In this work, ultra-fine PS/EHO-OPPE fibers with average diameters
ranging from 430 to 1,200 nm were successfully prepared by electrospinning the
solutions of 85 wt-% PS/EHO-OPPE (PS/EEHO-OPPE = 751 /) in 12-
dichloroethane (DCE) and chloroform (CF) with and without the addition of
pyridinium formate (PF). While the increase in the electrical potential resulted in the
observed increase in the diameters of the e-spun fibers, the addition of PF
significantly improved the electro-spinnability of the resulting PS/EHO-OPPE
solutions, as shown by the decrease in the bead density of the obtained fibers. FT-IR
spectroscopy showed that the chemical structure of PS and EHO-OPPE did not
change and still existed in the e-spun fibers. The optical properties (e.g., absorption
and emission) of the as-prepared solution, the e-spun fibers, the annealed fibers, and
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both the spin-coated and the solution-cast reference films were studied by UV-vis
and PL spectroscopy. A red-shift was observed in emission spectra of the e-spun
fibers and the solution-cast films when compared with those of the corresponding
solutions. This shift could be attributed to the phase separation of the EHO-OPPE
molecules, which resulted in a higher degree of molecular interaction. The shift in
the e-spun fibers was less pronounced when they were annealed. Presumably, this
was due to increased PPE mobility to disperse much more evenly in the PS matrix,
resulting in even lesser aggregation or the destruction of the precedent aggregation.
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