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คําหลัก :    พอลิเมอรเปลงแสง เสนใยอิเลคโตรสปน โฟโตลูมิเนสเซนส  
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Abstract 
 
Project Code :   RMU4980045 
Project Title :   Fabrication and Characterization of Electrospun Polymeric Fibers with 
    Photoluminescence and/or Electroluminescence Properties 
Investigator :         Assoc. Prof. Pitt Supaphol  
    The Petroleum and Petrochemical College, Chulalongkorn University 
E-mail Address :   pitt.s@chula.ac.th 
Project Period :   3 years 
 
 The studies on optical properties of various conductive polymers (i.e., poly(2-methoxy-5-(2’-
ethylhexyloxy)-1,4-phenylene vinylene) (MEH-PPV), poly(ethylhexyloxy-octyloxy-p-phenylene 
ethynylene) (EHO-OPPE), poly(2,7-(9,9-bis(2-ethylhexyl)fluorene)) (BEH-PF)) either in their solution 
or electrospun fibrous form were successfully reported here.  
 First, a versatile method for tuning optical properties of MEH-PPV in its solution with 1,2-
dichloroethane was accomplished by reacting with pyridinium formate (PF), a volatile organic salt. 
Adjusting the concentration of PF in the solution led to a systematic control for the position of the 
absorption and the photoluminescent (PL) spectra of MEH-PPV. The changes in the emission color 
from orange to yellow and, finally, to green were observed by naked eyes in the MEH-PPV solution 
that contained 0.1 and 10 vol.-% of PF, respectively. The changes in the optical properties were due 
to chemical modifications along the main chain and the side groups of MEH-PPV.  
 For the studies on the electrospinning of EHO-OPPE and BEH-PF, ultra-fine fibers from their 
blend solutions with an electrospinnable and inert template polymer, i.e., polystyrene (PS) were 
successfully prepared. Scanning electron microscopy (SEM) and Fourier-transformed infrared (FT-IR) 
spectroscopy were respectively used to observe the morphology and chemical integrity of the 
electrospun fibers. The optical properties (i.e., absorption and PL emission) were investigated by UV-
Visible and PL spectroscopy, respectively. Moreover, the corresponding spin-coated and solution-
cast films were also studied for comparison. 
 
Keywords :    Light-emitting polymer, Electrospun fibers, Photoluminescence 
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เน้ือหางานวิจัย 
 
1.   VERSATILE ROUTE FOR TUNING OPTICAL PROPERTIES OF POLY(2-METHOXY-5-(2’-
ETHYLHEXYLOXY)-1,4-PHENYLENEVINYLENE) (MEH-PPV) 
 
1.1 Introduction 

 Poly(2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV) is one of the well-
known conjugated polymers with many interesting physical properties, such as 
photoconductivity[1,2] and high luminescence efficiency in both photo- and 
electroluminescence.[3,4] It, therefore, holds great promises in various electronic applications, such 
as organic light-emitting diodes (OLED),[5-7] sensors[8-10] and solar cells.[11,12] In the past few 
decades, many researchers have investigated detailed properties of conjugated polymers in order 
to understand their fundamental behaviors. In general, the intrinsic nature of conjugated polymers 
derives mainly from their architectures consisting of alternating single and double/triple bonds along 
the main chain. The appropriate arrangement of π-orbitals in the backbone could provide a 
convenient pathway for π-electrons to delocalize over the entire molecule. However, this ideal 
situation is never realized because of the flexibility of the polymer chain. The delocalization of the 
π-electrons is normally confined within some distances, called conjugation lengths. Various 
chromophores with different conjugation lengths exist in one conjugated chain.[13,14] Therefore, its 
electronic properties are dictated by the distribution of chromophores within the system.[15-17] 

One of the challenges for developing conjugated polymers is the tuning of their electronic and optical 
properties, which are necessary for specific applications. This includes, for example, the engineering 
of colors to obtain a full range of spectrum in OLED and the manipulation of HOMO-LUMO energy 
levels in solar cells. The methods for tuning the properties of conjugated polymers generally involve 
the synthesis of new macromolecules[18-21] or the modification of the chemical structure of the 
existing conjugated polymers.[22-26] MEH-PPV is an example of a modified chemical structure of 
polyphenylenevinylene-based conjugated polymers. The incorporation of the flexible MEH side 
groups increases the solubility of this polymer in a common solvent, which, in turn, facilitates its 
fabrication into thin films. The bulkiness of the MEH side groups also reduces the segmental 
aggregation of the main chain, an important factor that affects its photoemission color and 
efficiency.[27-29] Furthermore, the phenyl rings along the MEH-PPV backbone become more difficult 
to rotate around single bonds, resulting in the extension of conjugation lengths. 
 It has been shown that the tuning of optical properties of conjugated polymers can also be 
achieved via polymer-polymer blending approach.[30-34] Although the procedure is quite simple, this 
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method does not modify the HOMO-LUMO energy levels of each polymer in the blend. The photo- 
and electroluminescence spectra always constitute of multiple regions, contributed from simultaneous 
emitting of different luminophores in the system.[30,32,33] The manipulation of the emitting colors 
can be done by simply adjusting the ratio of the blend and the extent of energy transfer. 
Furthermore, the polymer-polymer blends tend to exhibit micro- and nano-phase separation due to 
the immiscibility of the components, which, in turn, leads to inhomogeneity in local properties.[31-34] 
The issue of phase separation can be overcome by a copolymerization approach.[35-37] The 
structural change of luminophores in copolymers allows for a direct engineering of HOMO-LUMO 
energy levels, which yields narrow photo- and electroluminescence spectra. However, the 
copolymerization is normally a multi-step process, which requires complicated procedures and 
expensive catalysts/chemicals. Therefore, it is important to seek a simple and cheap method for 
chemically modifying conjugated polymers that provides an easy control over their optical properties.  
 In a recent study by some of us, fibers of MEH-PPV were electrospun from its solutions in 1,2-
dichloroethane (DCE) with polystyrene being used as the fiber-forming template and pyridinium 
formate (PF), a volatile organic salt, being used as the conductivity modifier. It was accidentally 
observed that the solutions changed their color from orange to yellow after being aged at ambient 
conditions for 1 month.38 It was postulated, based on the infrared spectroscopic result, that partial 
decomposition of MEH side groups (~15%) was responsible for this observation. We envisioned that 
such a side chain decomposition induced by the addition of PF could be a simple approach to modify 
the chemical configuration of MEH-PPV, resulting in the chemical structure that resembles that of a 
random copolymer between PPV and MEH-PPV. Despite such an implication, a detailed study on 
any structural change that affects the change in the color of MEH-PPV in the presence of PF based 
on a more direct method, such as nuclear magnetic resonance spectroscopy (NMR), is necessary to 
gain an insight into the color-changing process of this polymer.  
 In the present study, we performed systematic experiments to investigate the photophysical 
change of MEH-PPV solutions in DCE in the presence of PF, which could lead to a simple procedure 
for controlling the electronic properties of this polymer. Effects of concentrations of MEH-PPV and PF 
were investigated. The changes in the absorption and the photoemission spectra were followed as a 
function of time. Fourier-transformed infrared spectroscopy (FT-IR) and NMR were used to 
characterize the structural change of MEH-PPV in the system.  
 

1.2 Experimental 
 The MEH-PPV used in this study was synthesized according to the procedure described in 
literature.26 All solvents purchased from different sources (Carlo Erba and Merck) were analytical 
grade. Fresh solutions of MEH-PPV (0.001, 0.005 and 0.01% w/v) were prepared by dissolving 
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measured amounts of the polymer powder in DCE. Different concentrations (0.1 and 10 vol.-%) of 
PF, prepared by mixing pyridine and formic acid in an equimolar quantity, were then added into the 
system. The mixed solutions were sealed in vials and left in darkness at ambient conditions. 
Absorption and photoemission spectra of the solutions were recorded as a function of time until no 
noticeable change was observed.  
 The absorption spectra were measured using a Hewlett-Packard 8254A diode array UV-vis 
spectrophotometer. Quartz cuvettes with thicknesses of 2 mm or 10 mm, depending on the polymer 
concentration, were used. The emission spectra were measured using a Perkin-Elmer LS50 
luminescence spectrometer. An inner filter effect was minimized by using a 2 mm-thick quartz 
cuvette in all measurements. Any structural change of MEH-PPV was investigated by a Bruker 
Avance-AC400 proton-nuclear magnetic resonance spectroscopy (1H-NMR), operating at 400 MHz, 
and a Thermo-Nicolet Nexus 670 Fourier-transform infrared spectrometer (FT-IR). Samples for these 

measurements were prepared by evaporating the solvent at 130 °C for 1 h. Only small amount of 

the solvent remained after this procedure. The samples were subsequently dried at 80 °C in a 
vacuum oven for 12 h. Solutions of MEH-PPV in DCE and PF in DCE were also subjected to the 
same drying procedure. These were used as control samples. 
 
1.3 Results and discussion 
 In the first section, we investigated the variation in the absorption spectra as a function of the 
reaction time, which reflects the photophysical changes of MEH-PPV chromophores in ground state. 
Figure 1.1 illustrates the results obtained from the system of 0.01 % w/v MEH-PPV solution 
containing 10 vol.% PF. The spectrum of the freshly-prepared solution (0 day) exhibits a broad 

pattern with the maximum absorption (λmax) at about 500 nm. The broadness of the spectrum arises 
from an intrinsic nature of the conjugated chain, which consists of various chromophores with 
different conjugation lengths.14,17 Therefore, the shape of the whole spectrum envelops all possible 
electronic transitions, which take place at different wavelengths, depending on HOMO-LUMO energy 
gaps of each particular chromophore.  
 The pattern of the absorption spectrum changes significantly upon aging in ambient conditions 

for 1 day. Its absorbance markedly drops while the λmax shifts to a higher energy region. Increasing 
the reaction time to 2 days causes a blue-shift of the spectrum by about 30 nm. We also observe the 

increase in the absorbance at the high-energy region (λ < 450 nm), while the absorbance at the 
low-energy region simultaneously decreases. The progress of reaction continues up to about 14 
days. Increasing the reaction time further to 37 days hardly affects the pattern of the absorption 

spectrum, suggesting the completion of this process. The solution of the final product exhibits λmax at 
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about 434 nm, while the absorbance drops by about 55% compared to that of the original solution. In 
addition, the pattern of the spectrum appears much broader with the high-energy region becoming 
wider. The blue-shift of the absorption spectra corresponds to the widening of HOMO-LUMO energy 
gap of the modified MEH-PPV. In other words, long chromophores are converted to shorter ones 
upon the reaction with PF. In addition, the decrease of the absorbance indicates the lowering of the 
molar absorption coefficient.  
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Figure 1.1  Absorption spectra of 0.01% (w/v) MEH-PPV in 1,2-dichloroethane (DCE) with the 
addition of 10 vol.-% pyridinium formate (PF) measured as a function of reaction time. Arrow 
indicates the change in the spectra with increasing the reaction time.  
 
 We carried out additional experiments to explore other parameters that affected the progress of 
the reaction. The solutions of MEH-PPV at various concentrations [e.g., 0.001, 0.005 and 0.01% 
(w/v)] were prepared while the PF content was kept constant at 10 vol.-%. All solutions exhibit the 
blue-shift in the absorption spectra and the decrease in the absorbance with increasing the reaction 

time. Plots of λmax and the absorbance as a function of time are shown in Figure 1.2(a) and (b). The 
rate of the reaction is found to increase with a decrease in the concentration of MEH-PPV (or with an 
increase in the PF to MEH-PPV ratio). The reactions of 0.001, 0.005 and 0.01% (w/v) solutions are 
completed after the solutions having been aged for 8, 11 and 14 days, respectively. Despite that, the 

λmax of the final products is detected at practically the same location (λmax ~ 434 nm). The change 
in the absorbance shows a consistent trend. These observations indicate that the concentration of 
the added PF is an important parameter for controlling the HOMO-LUMO energy gap of the modified 
MEH-PPV. 
 As mentioned earlier, the broadness of the absorption spectra reflects the distribution of 
chromophores with various conjugation lengths in the conjugated backbone of MEH-PPV. One can 
follow the variation in the size distribution of chromophores by plotting the ratios between the 
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integrated areas under two different energy regions of the absorption spectrum, i.e., [350-490 
nm]/[490-600 nm], as illustrated in Figure 1.2(c). This ratio is about 1 for the original solutions of 
MEH-PPV. It gradually increases with an increase in the reaction time for all solutions. The rate of 

change is highest for the 0.001% (w/v) solution, which is consistent with the variation of λmax and the 
absorbance. The ratios of the integrated areas reach the value of about 8 after the completion of the 
reaction, corresponding to the markedly increase in the high-energy chromophores in the system. We 
also observe that the final product of each solution exhibits slightly different values of the ratios.  
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Figure 1.2  Plots of (a) λmax, (b) absorbance and (c) Area(350-490)/Area(490-600) of the absorption 
spectra of MEH-PPV at various concentrations in DCE with the addition of 10 vol.-% PF measured 
as a function of reaction time. 
 In the next section, we performed similar experiments to investigate the effects of PF 
concentration. The solutions of MEH-PPV with concentrations of 0.001, 0.005 and 0.01% (w/v) were 
prepared while the quantity of PF was reduced from 10 to 0.1 vol.-%. Figure 1.3 illustrates the 
results obtained from the 0.01% (w/v) MEH-PPV solution with 0.1 vol.-% PF. It is obvious that the 
blue-shift and the decrease of the absorbance occur with increasing the reaction time. However, the 
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rate of change is much slower as compared to the solution of 0.01% (w/v) MEH-PPV in the presence 
of 10 vol.-% PF. The absorption spectrum changes slightly after 4 days. The reaction yields the final 

product after 14 days and its absorption spectrum exhibits λmax at ~476 nm. Previously, it was found 

that the solutions of MEH-PPV with 10 vol.-% PF showed the final products with λmax of the 
absorption spectra at ~434 nm. These results indicate that the change in the PF concentration leads 
to the modified MEH-PPV with different optical properties. In other words, PF with different 
concentrations could be used to tune the peak position of the absorption spectrum or the conjugation 
length of chromophores of the conjugated polymer. 
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Figure 1.3  Absorption spectra of 0.01% (w/v) MEH-PPV in DCE with the addition of 0.10 vol.-% PF 
measured as a function of reaction time. Arrow indicates the change in the spectra with increasing 
the reaction time. 
 The results obtained from the solutions of 0.001 and 0.005% (w/v) with 0.1 vol.-% PF confirm 
our finding. The changes in the absorption spectra with increasing the reaction time are summarized 

in Figure 1.4. The λmax of all the solutions decreases with increasing the reaction time and reaches a 
constant value at ~476 nm after 14 days. The variation in the absorbance shows similar results. 
Figure 1.4(c) shows the ratios between the integrated areas under two different energy regions of the 
absorption spectrum, i.e., [350-490 nm]/[490-600 nm], which shows the increase of the values by 
about 2 times. It is important to note that the MEH-PPV solutions with 10 vol.-% PF exhibit the 
change in this value by about 8 times. Therefore, the variation in the PF concentration can be used 

to tune the average conjugation length (λmax), the molar absorption coefficient and the size 
distribution of chromophores in the modified MEH-PPV. The concentration of the polymer also affects 
the rate of the overall process. The experiments performed on both systems show the increase of 
the reaction rate with decreasing the polymer concentration (or with increasing the PF to MEH-PPV 
ratio). To summarize all results, we plot the absorption spectra of the final products obtained at two 
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concentrations of the added PF as shown in Figure 1.5. The absorption spectrum of the original 
MEH-PPV solution with identical concentration is included for comparison. 
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Figure 1.4  Plots of (a) λmax, (b) absorbance and (c) Area(350-490)/Area(490-600) of the absorption 
spectra of MEH-PPV at various concentrations in DCE with the addition of 0.1 vol.-% PF measured 
as a function of reaction time. 
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Figure 1.5  Absorption spectra of 0.001% (w/v) MEH-PPV in DCE at various concentrations of PF 
after having been aged for 37 days.  
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Figure 1.6  Emission spectra of 0.01% (w/v) MEH-PPV in DCE with the addition of (a) 10 or (b) 0.1 
vol.-% PF measured as a function of reaction time. Arrow indicates the change in the spectra with 
increasing the reaction time. All spectra are normalized for clarity. 
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Figure 1.7  Plots of λmax of the emission spectra of MEH-PPV at various concentrations in DCE with 
the addition of (a) 10 or (b) 0.1 vol.-% PF measured as a function of reaction time. 
  
 The results on photoluminescence show a similar behavior to that of the absorption, previously 
discussed. The results obtained from the systems of 0.01 % (w/v) MEH-PPV solutions with 10 and 
0.1 vol.-% PF are respectively shown in Figure 1.6(a) and (b). All of the photoluminescent (PL) 
spectra were recorded with an excitation wavelength of 450 nm. The PL spectrum of the original 

MEH-PPV solution exhibits λmax at about 559 nm along with a broad shoulder at about 590 nm. The 
spectra gradually shift to a high-energy region with an increase in the reaction time and become 
stable after 14 days. The products of MEH-PPV with 10 or 0.1 vol.-% PF exhibit the PL spectra with 

λmax of ~546 nm and ~552 nm, respectively. The solutions appear green and yellow, respectively, 

under the illumination of a black light (λ ~ 385 nm). The experiments carried out on 0.005 and 

0.001% (w/v) MEH-PPV solutions produced similar results. Figure 1.7 shows that λmax as measured 
on all of the solutions investigated decreases with an increase in the reaction time. Similar to the 

behavior of the absorption spectra, the final values of λmax are dictated by the PF concentration, 
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while the rate of change increases with a decrease in the polymer concentration. Interestingly, the 
peak position of the PL spectra of the original MEH-PPV solutions slightly shifts to a low-energy 
region with increasing the polymer concentration. This corresponds to the inner-filter effect in which 
the emitted photons with relatively high energy are re-absorbed by neighboring chromophores. Such 
an effect becomes dominant upon increasing the concentration of chromophores, causing the PL 
spectra to red-shift and the overall emission intensity to decrease.  
 The PL spectra of the modified MEH-PPV which has been aged for 14 days exhibit a much 
broader shape compared to that of the original solution (see Figure 1.6(a)), which corresponds to the 
increase in the size distribution of chromophores in the systems. The ratios between the integrated 
areas under two different energy regions of the PL spectrum, i.e., [470-550 nm]/[550-660 nm], of 
each solution are calculated and plotted in Figure 1.8(a) and (b). The ratio is about 0.4 for the 
original MEH-PPV solution. The value gradually increases with the reaction time, which corresponds 
to the conversion of the low-energy chromophores to the higher-energy ones. The ratios reach final 
values of about 1.1 and 0.6 for the systems containing 10 and 0.1 vol.-% PF, respectively.  
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Figure 1.8  Area(470-550)/Area(550-660) of the emission spectra of MEH-PPV at various concentrations in 
DCE with the addition of (a) 10 or (b) 0.1 vol.-% PF measured as a function of reaction time. 
 
 In the next section, NMR and FT-IR spectroscopy were used to investigate any change in the 
structure of MEH-PPV, upon coming into contact with PF, that might be responsible for the observed 
optical properties. Figure 1.9 displays 1H-NMR spectra of the original MEH-PPV, PF and the modified 
MEH-PPV. The comparison between the spectra of PF and the modified MEH-PPV indicates that the 
organic salt is completely removed from our samples. The spectrum of the original MEH-PPV 
constitutes the peaks at 7.19 and 7.50 ppm, corresponding to olefinic and aromatic protons along the 
conjugated backbone.[39] The signals of methoxy and alkoxy protons of the side groups are also 
detected at about 3.7 to 4.0 ppm. Series of new signals, as illustrated in Figure 1.9c, are detected 
when the MEH-PPV is reacted with 0.1 vol.-% PF. The intensity of these peaks becomes much more 
pronounced when the concentration of PF increases to 10 vol.-% (viz. the increase in the extent of 
the reaction). Some additional peaks are also observed (see Figure 1.9d). The appearance of these 
new peaks is accompanied by a simultaneous decrease in the intensity of the peaks at 7.19 and 
7.50 ppm of the original MEH-PPV. In addition, the peaks of the side groups at ~4 ppm become 
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much broader. The detection of new peaks near 5.6 and 8 ppm suggests the incorporation of 
formate (HCOO-) groups, probably by the addition reaction with reactive double bonds in the 
conjugated backbone. The peaks near 5 ppm suggest the existence of phenolic groups in the 
modified polymer, which is likely to be due to the breaking of ether groups of the side groups (see 
below). The peaks near 10 ppm also suggest the existence of aldehyde groups. However, it is not 
our intention to try to identify the exact origin of each peak, as one needs to carry out further 
experiments to follow the reaction. 

345678910
Chemical shift (ppm)

(a)

(b)

(c)

(d)

*

 
 
Figure 1.9  1H-NMR spectra of (a) PF, (b) the original MEH-PPV, (c) MEH-PPV that had been 
reacted with 0.1 vol.-% PF and (d) MEH-PPV that had been reacted with 10 vol.-% PF in d-
chloroform. The solutions in (c) and (d) had been aged for 4 days prior to the removal of PF and 
solvent (see text). Peak marked with asterisk (*) is due to the residual solvent. For clarity of the 
presentation, peaks belonging to other protons of the alkyl side groups are not included. 
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Figure 1.10  FT-IR spectra of (a) the original MEH-PPV and the modified MEH-PPV from (b) 0.001, 
(c) 0.005 or (d) 0.01% (w/v) MEH-PPV in DCE with the addition of 10 vol.-% PF. The solutions had 
been aged for 75 days prior to the removal of PF and solvent. 
* = The intensity of the peak was greatly increased after PF addition. 
+ = The intensity of the peak was greatly decreased after PF addition. 
 
 Figure 1.10 illustrates FT-IR spectra of the original MEH-PPV along with that of the modified 
one. The modified MEH-PPV was obtained by reacting with 10 vol.-% PF for 75 days. We note that 
the use of 0.01, 0.005 and 0.001% (w/v) of the original MEH-PPV solutions leads to the same FT-IR 
pattern of the dried samples. This indicates that the solvent and PF are completely removed from the 
samples, which is confirmed by the absence of the FT-IR spectrum of the pure PF (not shown). 
Table 1.1 summarizes some absorption peaks corresponding to different vibrational modes of the 
polymeric segments. It is apparent that the absorbance of the peaks at 1040, 1190 and 1250 cm-1 of 
the original MEH-PPV is greatly reduced in the modified polymer. Since these peaks are specific to 
the vibrations of aryl–alkyl ether linkage (C-O-C) of the MEH side groups, this indicates the reduction 
in the number of MEH side groups in the modified MEH-PPV. In addition, the concentration of 
tetrahedral defects along the polymeric main chain appears to increase significantly. This is indicated 
by the detection of new intense peak at 1630 cm-1 in the modified MEH-PPV, which is specific to the 
C=C stretching vibration of the non-conjugated chains. In other words, a number of the C=C bonds is 
converted to single bonds, which interrupt the conjugation along the conjugated backbone. The 
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detection of a broad peak at 3420 cm-1 also indicates the presence of hydroxyl groups in the 
modified MEH-PPV. These results suggest that the reaction between MEH-PPV and PF results in the 
reduced number of MEH side groups and the increased number of non-conjugated segments, which 
are responsible for the observed decrease in the conjugation lengths of the modified polymer.  
 
Table 1.1  Analysis of FT-IR spectra of the original MEH-PPV and modified MEH-PPV. The polymer 
solutions were mixed with 10 vol.-% PF and left to age for 75 days. Original concentrations of MEH-
PPV are shown in the table 
 

MEH-PPV 

Original Modified 
 
Assignment 

- * 682 CH bending vibrations in CH deformation 
- * 777 CH out-of-plane bending vibrations in -CH=CH-(cis) group 
+ 875 - CH out-of-plane bending vibrations in -C=CH2  group 
+ 966  958 CH out-of-plane bending vibrations in -CH=CH-(trans) group 
+ 1040 1020 aryl alkyl ether (C-O-C) symmetric stretching vibrations in acetates group 
+ 1190 1190 aryl alkyl ether (C-O-C) stretching vibrations in formates group 
+ 1200 1200 ring stretching vibrations and CH deformation 
+ 1250 1270 aryl alkyl ether (C-O-C) asymmetric stretching vibrations in benzoates group 
+ 1350 - CH bending vibrations in -CH3 deformation 
+ 1410 1410 CH bending vibrations in -CH2 deformation 
+ 1460 1440 asymmetric CH bending vibrations in -CH3 group 
1500 * 1490 C=C stretching vibrations in conjugated 
- * 1630 C=C stretching vibrations in non-conjugated 
2860 2860 symmetric CH stretching vibrations in -CH2 group 
2930 2930 asymmetric CH stretching vibrations in -CH2 group 
2950 2950 asymmetric CH stretching vibrations in -CH3 group 
3060 * 3040 CH stretching vibrations in =C-H, =CH2 group and CH group 
- * 3130 NH stretching vibrations in H bonded NH group 
- * 3420 OH stretching vibrations of intramolecular H bonds 

 
* = The intensity of the peak was greatly increased after PF addition. 
+ = The intensity of the peak was greatly decreased after PF addition.  
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1.4 Conclusions  
 We have demonstrated a versatile method for tuning the optical properties of one of the most 
investigated conjugated polymers, MEH-PPV. This is accomplished by the reaction of the polymer 
with pyridinium formate (PF), a volatile organic salt. The absorption and the emission spectra (i.e., 
colors) of the modified MEH-PPV can be controlled by the variations in the concentration of PF and 

the reaction time. This method results in the displacement of the λmax of the absorption spectra and 
the emission spectra by 60 nm and 15 nm, respectively. The size distribution of chromophores in the 
main chain is also affected significantly. The modified MEH-PPV chains contain a larger number of 
shorter chromophores. Structural analysis by using NMR and FT-IR spectroscopy indicates that the 
variation in the optical properties arises from the breaking of some double bonds along the 
conjugated chains and the removal of MEH side groups. The extent of these structural changes 
dictates the optical properties of the modified MEH-PPV. The results obtained in this work signify the 
ability to systematically tuning the optical properties of MEH-PPV, which can be utilized for a wide 
range of applications such as OLED and solar cells. Our method is a one step process which is 
much simpler compared to the common copolymerization approach. It also requires relatively cheap 
chemicals and takes a simple procedure for purification.  
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2.   MORPHOLOGY AND PHOTOPHYSICAL PROPERTIES OF ELECTROSPUN LIGHT-EMITTING 

POLYSTYRENE/POLY(P-PHENYLENE ETHYNYLENE) FIBERS 

 

2.1 Introduction 
 Since the discovery of the electrical conductivity in π-conjugated polymers thirty years ago,[1] 
(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 vinylene)s (PPVs),[8] poly(fluorene)s (PFs),[9] and poly(phenylene ethynylene)s 
(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 ethynylene)s (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 

μm, 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 μm. The 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-
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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 2.1) 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. 
 

2.2 Experimental 
2.2.1 Materials and Preparation of Solutions for Spinning and Casting Films 

 EHO-OPPE (Mn ≈ 14,000 Da; Figure 2.1) was synthesized following a procedure previously 

described.[12a] PS (Mw ≈ 3.0 × 105 Da; pellet form) was a general purpose grade from Dow 
Chemicals (USA). The solvents used were 1,2-dichloroethane [DCE; Lab-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% (w/v) PS/EHO-OPPE in DCE or CF (the 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. 
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Figure 5.1  Chemical structure of EHO-OPPE, the PPE derivative used. 
 
2.2.2 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 
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10 cm and 1 min, respectively. Each of the freshly-prepared spinning solutions was placed in a 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 mL⋅h–1. 
Where applicable, the e-spun fibers were annealed for between 5 min and 1 h at 110 °C, which is 
above the glass transition temperature (Tg) of PS (95 °C[33]). 
2.2.3 Spin-Coating and Solution-Casting     
 Films of the PS/EHO-OPPE blends were produced by either spin coating or solution casting 

from solutions comprising 8–10 mg⋅mL–1 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 μm. Solution casting was done on glass slides and resulted films of a final thickness of 1–3 

μm. 
2.2.4 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 beads 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 ×500 magnification. Diameters of the e-spun fibers, where 

applicable, were determined from SEM images at ×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/EHO-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 Hewlett Packard-8254A diode array UV-vis 
spectrophotometer (UV-vis) and a Perkin-Elmer LS50 luminescence spectrometer (PL). For the 
solution measurements, a 1mmthick quartz cuvette was used in order to reduce the self-absorption 
effect, allowing the detection of photon emission from front surface. For PL experiments, samples 
were excited at 400 nm. 
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2.3 Results and discussion 
 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 2.2 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% (w/v) PS solution in DCE only resulted in the 

formation of beads, with average size in the range of 22.6–29.0 μm (see Figure 2.2 and Table 2.1). 

The density of the beads on the collection plate was between 0.17 × 105 and 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]  
           a)     d) 
  
 
 
 
 
     b)     e) 
 
 
 
 
 
      c)     f) 
 
 
 
 
 
 
Figure 2.2  SEM images of the electrosprayed PS beads from 8.5% (w/v) solutions of PS in DCE 

(×1000, scale bar = 10 μm). The applied electrical potential for the electrospinning was: a) 7.5, b) 
10, c) 12.5, d) 15, e) 17.5, and f) 20 kV. 
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Table 2.1  Average fiber diameter, bead size and bead density of the electrospun products from 
8.5% (w/v) solutions of PS in DCE and 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 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 mL⋅h–1 
 

Solution HV 
(kV) 

Fiber Diameters 

(μm) 

Bead Size 

(μm) 

Bead Density 

(beads⋅cm–2) 
PS/EHO-OPPE 
/CF 

7.5 
10.0 
12.5 
15.0 
17.5 
20.0 

0.51 ± 0.12 
0.56 ± 0.12 
0.63 ± 0.14 
0.66 ± 0.15 
0.68 ± 0.20 
0.68 ± 0.15 

13.65 ± 0.65 
14.05 ± 0.80 
15.14 ± 0.82 
16.11 ± 1.19 
17.80 ± 1.31 
18.05 ± 1.23 

4.13 × 105 
4.23 × 105 
5.25 × 105 
2.76 × 105 
2.82 × 105 
2.46 × 105 

PS/EHO-OPPE 
/CF + PF 

7.5 
10.0 
12.5 
15.0 
17.5 
20.0 

1.04 ± 0.33 
1.04 ± 0.39 
1.05 ± 0.37 
1.12 ± 0.53 
1.16 ± 0.38 
1.20 ± 0.37 

1.06 ± 0.55 
4.24 ± 1.84 
4.41 ± 2.21 
5.00 ± 2.64 
5.23 ± 2.24 
5.76 ± 3.74 

0.66 × 105 
2.26 × 105 
1.71 × 105 
1.51 × 105 
1.47 × 105 
1.36 × 105 

 
 Interestingly, the electro-spinnability of the PS solution in DCE was significantly improved in the 
presence of a comparably small amount of EHO-OPPE [i.e., PS:EHO-OPPE = 7.5:1 (w/w)]. 
Representative SEM images of the e-spun products (see Figure 2.3a) 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 beaded fibers obtained are in the range of 0.43–0.83 μm, 2.77–3.65 μm 

and 1.43 × 105–3.77 × 105 beads⋅cm–2, respectively (see Table 2.1). To further improve the electro-
spinnability of the PS/EHO-OPPE solution, the volatile organic salt pyridinium formate (PF) was 
added.[32] Figure 2.3b 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 μm, while the bead size range remained about the same at 2.12–4.89 μm. However, the bead 

density range decreased to 0.04 × 105–1.32 × 105 beads⋅cm–2. This substantial decrease in the 
bead density shows that the addition of PF helps to promote uniform fiber formation. 
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Table 2.1 (Cont.)  Average fiber diameter, bead size and bead density of the electrospun products 
from 8.5% (w/v) solutions of PS in DCE and 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 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 mL⋅h–1 

 

Solution HV 
(kV) 

Fiber Diameters 

(μm) 

Bead Size 

(μm) 

Bead Density 

(beads⋅cm–2) 
PS/EHO-OPPE 
/CF 

7.5 
10.0 
12.5 
15.0 
17.5 
20.0 

0.51 ± 0.12 
0.56 ± 0.12 
0.63 ± 0.14 
0.66 ± 0.15 
0.68 ± 0.20 
0.68 ± 0.15 

13.65 ± 0.65 
14.05 ± 0.80 
15.14 ± 0.82 
16.11 ± 1.19 
17.80 ± 1.31 
18.05 ± 1.23 

4.13 × 105 
4.23 × 105 
5.25 × 105 
2.76 × 105 
2.82 × 105 
2.46 × 105 

PS/EHO-OPPE 
/CF + PF 

7.5 
10.0 
12.5 
15.0 
17.5 
20.0 

1.04 ± 0.33 
1.04 ± 0.39 
1.05 ± 0.37 
1.12 ± 0.53 
1.16 ± 0.38 
1.20 ± 0.37 

1.06 ± 0.55 
4.24 ± 1.84 
4.41 ± 2.21 
5.00 ± 2.64 
5.23 ± 2.24 
5.76 ± 3.74 

0.66 × 105 
2.26 × 105 
1.71 × 105 
1.51 × 105 
1.47 × 105 
1.36 × 105 
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   a)     b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3  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 (×1,000, scale 

bar = 10 μm). 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. 
 

 
 
 
 
 
 
 
 
 
 

1 1 

2 2 

3 3 
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   a)     b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 (cont.)  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 (×1,000, 

scale bar = 10 μm). 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. 
 
 
 
 
 
 
 
 
 
 

4 4 

5 5 

6 6 
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 The same trends were observed when CF was used as the solvent (see Figure 2.4a 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 μm, 13.65–

18.05 μm and 2.46 × 105–5.25 × 105 beads⋅cm–2, respectively (see Table 2.1). 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 μm and an observed decrease of the bead density in the range of 0.66 × 

105–1.71 × 105 beads⋅cm–2. On the other hand, the bead size was found to decrease in the range 

of 1.06–5.76 μm (see Table 2.1). 
 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, because 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 2.1, 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 spinning solution, as shown 
from the substantial decrease in the bead density (see Table 2.1). 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 a surprise.[35,37,38] 
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   a)     b) 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4  SEM images of the electrospun products from 8.5% (w/v) solutions of PS/EHO-OPPE 

(PS:EHO-OPPE = 7.5:1) in CF without (a) and with (b) the addition of 8 vol.-% PF (×1,000, scale 

bar = 10 μm). 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. 
 
 
 
 
 
 
 
 
 
 

 

1 1 

2 2 
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   a)     b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 (cont.)  SEM images of the electrospun products from 8.5% (w/v) solutions of PS/EHO-

OPPE (PS:EHO-OPPE = 7.5:1) in CF without (a) and with (b) the addition of 8 vol.-% PF (×1,000, 

scale bar = 10 μm). 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. 
 
 FT-IR spectroscopy was conducted to confirm the existence of both PS and EHO-OPPE 
constituents in the e-spun blend fibers (see Figure 2.5). 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 2.2 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, 754–756, 906, 1 490, 2,920, 3,030 and 3,060 
cm–1). Moreover, some peaks characteristic to the EHO-OPPE component (e.g., at 1,210 and 1,270 

4 4 

5 5 

6 6 
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cm–1) 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 2.5  FT-IR spectra of a) as-received neat PS, b) EHO-OPPE powder, and the electrospun 
fibers from, c) 8.5% (w/v) 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% (w/v) solutions of 
PS/EHO-OPPE (PS:EHO-OPPE  = 7.5:1) in CF without f) and with g) the addition of 8 vol.-% PF. 
 
 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 2.3. Figure 2.6a and b summarize the optical 
properties of the 8.5% (w/v) spinning solutions of PS/EHO-OPPE (7.5:1 w/w) 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/EHO-OPPE in DCE exhibit sharp peaks at 487 and 508 nm 
(see Figure 2.6b). 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 2.6b). While the solvent 
has a slight solvatochromic 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 
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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] 
 
Table 2.2  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 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  

 
 
 
 

Absorption Band (cm–1) 

As-received 
Materials 

Electrospun Products 

PS EHO- 
OPPE 

PS/ 
 
 
DCE 

PS/ 
EHO- 
OPPE/ 
DCE 

PS/ 
EHO- 
OPPE/ 
DCE 
+ PF 

PS/ 
EHO- 
OPPE/ 
CF 

PS/ 
EHO- 
OPPE/ 
CF 
+ PF 

Assignment 

698 - 698 697 697 697 697 CH bending vibrations in CH deformation 
754 - 756 755 756 755 756 CH out-of-plane bending vibrations in -CH=CH-(cis) group 
- 863 - - - - - CH out-of-plane bending vibrations in C=CH2 group 
906 - 906 906 906 905 905 CH out-of-plane bending vibrations in -CH=CH2 group 
- 1,030 1,030 1,030 1,030 1,030 1,030 Aryl alkyl ether (C-O-C) symmetric stretching vibrations 
- 1,210 - 1,210 1,210 1,210 1,210 Ring-stretching vibrations and CH deformation 
- 1,270 - 1,270 1,270 1,270 1,270 Aryl alkyl ether (C-O-C) asymmetric stretching vibrations 
- 1,380 - - - - - CH bending vibrations in -CH3 deformation 
- 1420 - - - - - CH bending vibrations in -CH2 and -CH3 deformation 
1,450 1,470 1,450 1,450 1,450 1,450 1,450 Asymmetric CH bending vibrations in -CH3 group 
1,490 - 1,490 1,490 1,490 1,490 1,490 CH bending vibrations in -CH2 Scissoring group 
1,600 1,510 1,600 1,600 1,600 1,600 1,600 C=C stretching vibrations in Conjugated 
2,850 2,860 2,850 2,850 2,850 2,850 2,850 Symmetric CH stretching vibrations in -CH2 group 
2,920 - 2,920 2,920 2,920 2,920 2,920 Asymmetric CH stretching vibrations in -CH2 group 
- 2,930 - - - - - Asymmetric CH stretching vibrations in -CH3 group 
- 2,960 - - - - - Asymmetric CH stretching vibrations in -CH3 group 
3,030 - 3,020 3,020 3,020 3,020 3,020 CH stretching vibrations in =C-H, =CH2 and CH groups 
3,060 - 3,060 3,060 3,060 3,060 3,060 CH stretching vibrations in =C-H, =CH2 and CH groups 
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Figure 2.6  a) Absorption and b) PL emission spectra of 8.5% (w/v) solutions of PS/EHO-OPPE 
(PS:EHO-OPPE = 7.5:1) in DCE and 8.5% (w/v) solutions of PS/EHO-OPPE (PS:EHO-OPPE = 
7.5:1) in CF without and with the addition of 8 vol.-% PF. 
 
 Figure 2.7a 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 

a) 

b) 
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solutions, the emission spectra of the e-spun fibers show less-well-resolved features and appear 
somewhat 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 2.4), 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 2.7  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 b) CF at various 
applied electrical potentials. 
 
 
 
 
 

a) 

b) 
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Figure 2.8  Emission spectra of samples produced from solutions of 8.5% (w/v) PS/EHO-OPPE 
(PS:EHO-OPPE = 7.5:1) in a) DCE, b) DCE with the addition of 8 vol.-% PF, c) 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) 1 h. 
 
 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 2.8a–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, 
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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 2.7). The emission spectra of the solution-cast films [Figure 2.8a–d, Series (2)] paint 

a slightly different picture. Here, two major bands centered at ≈ 465–473 and 529 nm are observed. 
While the former coincides 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,13c] This finding reflects that slow solvent evaporation 
results in phase-separated PS/EHO-OPPE blends, indicative of thermodynamic immiscibility of the 
two polymers.  
 
Table 2.3  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  
 

 
 A comparison of the PL emission spectra of pristine e-spun fibers [Figure 2.8a–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 

Peaks (nm) Shoulders (nm) Samples System Annealing 
Time 
(min) 

High 
Intensity 

Low 
Intensity 

High 
Energy 

Low 
Energy 

DCE - 487  509  - - 
DCE + PF - 487  508  - - 
CF - 485  506  - - 

Solutions 

CF + PF - 485  508  - - 
DCE - 470  - 490  - 
DCE + PF - 470  - 490  - 
CF - 470  - 489  - 

Spin-coated films 

CF + PF - 470  - 489  - 
DCE - 463  529  - - 
DCE + PF - 462  529 - - 
CF - 463  528 - - 

Solution-cast films 

CF + PF - 462  528 - - 
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Tgs of the polymers (95 °C for PS; 90 °C for EHO-OPPE[12b]) could change the morphology (and 
therewith the optical properties) of the blends, the e-spun nanofibers were annealed for up to 1 h at 
110 °C. The effect of thermal annealing on the emission spectra is reflected by the spectra shown in 
Figure 2.8a–d, Series 4–6. Interestingly, annealing leads to the appearance of an emission band 

around ≈ 465–470 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 annealing. 
Obviously, that morphology is maintained when the samples are cooled to room temperature. 
 
Table 2.3 (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  
 

Peaks (nm) Shoulders (nm) Samples System Annealing 
Time 
(min) 

High 
Intensity 

Low 
Intensity 

High 
Energy 

Low 
Energy 

0  503  - 468 594  
5  503 - 473  595  
30  505  - 473  594  

DCE 

60 505  - 473  595  
0  516  - 465 594  
5  515  - 469 595  
30  513  - 465 594  

DCE + PF 

60 507  - 465  596  
0  516  - 464 595  
5  514  - 464 594  
30  509 - 469  594  

CF 

60 507  - 470  593  
0  519  - 466  595  
5  517 - 470  594  
30  511  - 469  595  

E-spun fibers 

CF + PF 

60 510  - 470  594  
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Table 2.4 Summary of the positions of peaks and shoulders of the PL emission spectra of the 
electrospun fibers from 8.5% (w/v) 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) 
 

Shoulders (nm)  Solution HV 
(kV) 

Peak (nm) 
High Energy Low Energy 

PS/EHO-OPPE 
/DCE + PF 

7.5 
10.0 
12.5 
15.0 
17.5 
20.0 

517 
515 
510 
516 
515 
516 

460 
461 
457 
458 
459 
460 

595 
599 
591 
594 
595 
596 

PS/EHO-OPPE 
/CF+ PF 

7.5 
10.0 
12.5 
15.0 
17.5 
20.0 

508 
511 
514 
519 
515 
511 

460 
460 
457 
459 
458 
459 

590 
593 
591 
595 
594 
596 

 
 
 Figure 2.9 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 pristine fibers (see Table 2.5), a 
result that is consistent with the expansion of the fused sections. 
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   a)     b) 
 
 
 
 
 
   c)     d) 
 
 
 
 
 
 
Figure 2.9 SEM images of the as-annealed fibers (1 h at 110 °C) electrospun from 8.5% (w/v) 
solutions of PS/EHO-OPPE (PS:EHO-OPPE = 7.5:1) in a) DCE, b) DCE with the addition of 8 vol.-% 

PF, c) CF and d) CF with the addition of 8 vol.-% PF (×1,000, scale bar = 10 μm). 
 
Table 2.5  Average fiber diameter, bead size and bead density of the electrospun fibers from 8.5% 
(w/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 1 h at 110 °C 
 

Annealed Fibers Fiber Diameters 

(μm) 

Bead Size 

(μm) 

Bead Density 

(beads⋅cm–2) 
PS/EHO-OPPE 

/DCE 
0.82 ± 0.25 2.79 ± 1.22 3.26 × 105 

PS/EHO-OPPE 
/DCE + PF 

0.76 ± 0.31 3.53 ± 1.52 1.76 × 105 

PS/EHO-OPPE 
/CF 

0.68 ± 0.28 6.45 ± 1.11 3.74 × 105 

PS/EHO-OPPE 
/CF + PF 

1.15 ± 0.45 3.71 ± 1.34 1.21 × 105 
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2.4  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 8.5 wt.-% PS/EHO-OPPE 
(PS/EHO-OPPE = 7.5:1 w/w) in 1,2-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 
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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3. MORPHOLOGY AND PHOTOPHYSICAL PROPERTIES OF ELECTROSPUN LIGHT-
EMITTING POLYSTYRENE/POLYFLUORENE DERIVATIVE FIBERS 
 
3.1 Introduction 

The electrospinning (e-spinning) process is a very potential method for fabricating ultra-fine 
fibers with diameters in the nanometer to sub-micrometer range.[1, 2]  In the e-spinning process, a 
high electrical potential is used to create an electrically charged jet of polymer solution which dries or 
solidifies to deposit a polymer fiber on the collector. One electrode is placed into the spinning 
solution and the other electrode is attached to a collector. The electrical field is subjected to the end 
of a capillary tube that contains the polymer fluid held by its surface tension. This induces a charge 
on the surface of the polymer fluid.[3, 4] Then, the charge repulsion also causes a force directly 
opposite to the surface tension. This force tends to elongate a hemispherical surface of the fluid at 
the end of capillary tube form a conical shape known as the Taylor cone as the applied electrical 
potential increases.[3-5] And this is what makes a continuous flow of the polymer jet shot to the 
collector. Due to the combination of many forces on the polymer jet, the jet will be shot as a straight 
line where either splitting or bending instability can be also occurred. Finally, during its flight to the 
collector the charged jet thins down and, at the same time, it dries out or solidifies leaving ultra-fine 
fibers on the collector where random orientation is usually observed. Because the e-spinning is a 
very simple, inexpensive and high throughput continuous production method, thus many researchers 
have studied the e-spinning of various materials such as biopolymers, conductive polymers, block 
copolymers, polymer blends, ceramics, and composite materials.[3-8] 

In the recently decade, conductive polymers have been widely explored both in chemical and 
physical properties for various applications. Polyfluorene and its derivatives are one of the most 
interesting conductive polymers. Due to electronic and optical properties such as high electro- and 
photoluminescence efficiencies with emission wavelengths in the green to blue color region [9, 10] 
that can be applied in various electronic devices such as an organic light-emitting device (OLED) [11, 
12], and solar cell [13].  

Since previous studies on this class of materials usually focused on the properties of either 
the solutions or the films thereof, it is of our interest to investigate the possibility for fabricating these 
polymers into ultra-fibrous form that exhibits a high surface area to volume or mass ratio that could 
be applied as a small-scale electronic and optoelectronic device in the future.  

Recently, Kuo and coworkers [14] successful prepared light-emitting electrospun (e-spun) 
nanofibers of the binary blends of poly(methyl methacrylate) (PMMA) and polyfluorene derivatives 
(e.g. poly(9,9-dioctylfluoreny-2,7-diyl) (PFO), poly[2,7-(9,9-dihexylfluorene)-alt-5,8-quinoxaline] (PFQ), 
poly[2,7-(9,9-dihexylfluorene)-alt-4,7-(2,1,3-benzothiadiazole)] (PFBT), and poly[2,7-(9,9-
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dihexylfluorene)-alt-5,7-(thieno[3,4-b]pyrazine)] (PFTP)). The uncontinuous fiberlike structure was 
obtained at the low PFO/PMMA blend ratio but became a core-shell structure at a high PFO blend 
ratio. The full color light-emitting e-spun nanofibers could be fabricated from the binary blends of 
polyfluorene derivative/PMMA as the uniform e-spun fibers produced from the binary blends of 
PFO/PMMA, PFQ/PMMA, PFBT/PMMA, and PFTP/PMMA exhibited the color emission of blue, 
green, yellow, and red, respectively. After that, Chen and some of previous Kuo’s coworkers [15] 
further fabricated the full color e-spun nanofibers based on ternary blends of PFO/poly[2-methoxy-5-
(2-ethylhexyloxy)- 1,4-phenylenevinylene] (MEH-PPV)/PMMA. They found that PFO/MEH-PPV ratio 
directly affects the morphology and photophysical properties according to the energy transfer 
between these two polymers. 

In the present work, the e-spinning was used as the technique for fabricating other type of 
polyfluorene derivatives which is poly(2,7-(9,9-bis(2-ethylhexyl)fluorene)) (BEH-PF) into ultra-fine 
fibers. Polystyrene (PS) was used as the matrix material into BEH-PF which BEH-PF was blended. 
Chloroform was used as the common solvent. Morphological appearance and chemical integrity of 
the e-spun fibers were evaluated, while photophysical properties such as absorption and emission 
directly related to its morphology appearances of the PS/BEH-PF solution and its corresponding e-
spun fibers were also studied. Moreover the spin-coated and solution-cast films of PS/BEH-PF blend 
also produced for using as references.  
 
3.2 Experimental 

Poly(2,7-(9,9-bis(2-ethylhexyl)fluorene)) (BEH-PF) (Mn = 3.2 × 104 Daltons) which its 
chemical structure is shown in Figure 3.1 was synthesized following the procedure described in 

reference [16]. Polystyrene (PS) (Mw = 3.0 × 105 Daltons, pellets form) was a general purpose grade 
from Dow Chemicals (USA). The solvent used was chloroform (CF; Carlo Erba, Italy). Pyridinium 
formate (PF), an volatile organic salt, was prepared by the reacting an equimolar quantity of pyridine 
(Lab-Scan (Asia), Thailand) and formic acid (Merck, England). Blend solutions of 8.5% (w/v) 
PS/BEH-PF in CF (the compositional weight ratio between PS and BEH-PF being 7.5:1) with or 
without the addition of 8% (v/v) PF were prepared.   
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Figure 3.1  Chemical structure of poly(2,7-(9,9-bis(2-ethylhexyl)fluorene)) (BEH-PF). 

 
Blend solutions were carried out for e-spinning under an applied electrical potential, ranging 

between 7.5 and 20 kV. Both the collection distance and the collection time were fixed at 10 cm and 
1 min, respectively. Each of the as-prepared solutions was placed in a 5 ml plastic syringe, the open 
end of which was connected to a blunt-ended stainless steel gauge 20 needle (the outside diameter 
= 0.91 mm), used as the nozzle. An aluminum sheet wrapped around a hard plastic sheet used as a 
backing plate 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 mL⋅h–1.  
The spin coating and solution casting methods were used to prepare the films of that 

PS/BEH-PF blend solution in CF. In details, the spin coating was done on a glass slide by Specialty 
Coating Systems model P6700 with the spinning speed of 1,000 rpm to get a final thickness of 0.5-1 
μm. Solution casting was also done on a glass slide and the resulted thickness is about 1-2 μm. 

Morphological appearance of the as-spun products was examined by a JEOL JSM-5410LV 
scanning electron microscope (SEM). Diameters of the e-spun fibers were measured directly from 

SEM images of 1,000× magnification, with the average value being calculated from at least 50 
measurements (for each spinning condition). The average bead diameters and the number of beads 
per unit area (i.e., the bead density) on the e-spun beaded fibers were calculated from 

measurements on SEM images of 500× magnification. A Thermo-Nicolet Nexus 670 Fourier-
transformed infrared spectroscope (FT-IR) was used to characterize the as-received PS pellets, the 
as-synthesized BEH-PF, and some of the e-spun products. Lastly, absorption spectra and 
photoluminescence emission spectra of the PS/BEH-PF solutions in CF with or without PF addition, 

n
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the corresponding e-spun products, spin-coated and solution- cast films were measured by a Hewlett 
Packard-8254A diode array UV-VIS spectrophotometer (UV-Vis) and Perkin- Elmer LS50 
luminescence spectrometer (PL), respectively. Each sample was excited at 350 nm prior to 
measurement for PL measurement. 
 
3.3 Results and discussion 

Figure 3.2 shows selected SEM images of e-spun products at various applied electrical 
potential (e.g., 7.5, 10, 12.5, 15, 17.5 and 20 kV) from 8.5% (w/v) solutions of PS/BEH-PF (PS:BEH-
PF = 7.5:1) in chloroform (CF) without and with 8% (v/v) pyridinium formate (PF). It is obvious that 
the discrete beads were observed for the neat PS/BEH-PF solution as shown in series (a) of Figure 

3.2 with the average diameter and bead density ranging from 14.65 to 23.05 μm and 0.34 × 105 to 

2.10 × 105 beads⋅cm-2 respectively. (see in Table 3.1 which shows average fiber diameters, bead 
size and bead density of e-spun products from 8.5% (w/v) solutions of PS/BEH-PF in CF without and 
with 8% (v/v) PF at various applied electrical potential)  
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                       a)                                              b) 
                                                           
                                                                  
 
 
  
 
 
 
 
 
 
 
 
                                                          
 
 
    

Figure 3.2  Selected SEM images (1000×; scale bar = 10 μm) of the electrospun products from 
8.5% (w/v) solutions of PS/BEH-PF (PS:BEH-PF = 7.5:1) in chloroform (CF) without a) and with b) 
8% (v/v) pyridinium formate (PF), at applied electrical potential (1) 7.5, (2) 10, (3) 12.5, (4) 15, (6) 
17.5 and (6) 20  kV. The collection distance, collection time and solution flow rate were fixed at 10 

cm, 1 min, and 1 mL⋅h–1, respectively. 
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                      a)                                                  b)                                                                              
 
 
  
 
 
 
 
 
 
 
 
                                                          
 
  
 
 
 
 

Figure 3.2 (Cont.)  Selected SEM images (1000×; scale bar = 10 μm) of the electrospun products 
from 8.5% (w/v) solutions of PS/BEH-PF (PS:BEH-PF = 7.5:1) in chloroform (CF) without a) and with 
b) 8% (v/v) pyridinium formate (PF), at applied electrical potential (1) 7.5, (2) 10, (3) 12.5, (4) 15, (6) 
17.5 and (6) 20  kV. The collection distance, collection time and solution flow rate were fixed at 10 

cm, 1 min, and 1 mL⋅h–1, respectively. 
 

Upon the addition of PF into the PS/BEH-PF solutions (see series (b) in Figure 3.2), the 

ultra-fine fibers were obtained with the average diameter ranging from 0.68 to 1.04 μm were 
obtained (see in Table 3.1). These results consistent with the previous and other publications that 
the addition of PF into the solutions before e-spinning successfully improves the e-spinnability of the 
solutions as the disappearance of beads in the e-spun product was found due to the significant 
increase in the total number of charges carried within the jet [4, 17, 18]. Moreover, the average 
diameter of the e-spun fibers was found to increase with increasing the applied electrical potential, 
(see in Table 3.1), a direct result of the increase in the total number of charged species within a jet 

4 4 

5 5 

6 6 
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segment that causes both the electrostatic forces to increase. These, in turn, could result in an 
increase in the actual feed rate of the solution as well as a decrease in the total path trajectory of the 
jet segment, due to an increase in the speed of the jet [18, 19].  
 
Table 3.1  Average fiber diameters, bead size and bead density of the electrospun products from 
8.5% (w/v) solutions of PS/BEH-PF (PS:BEH-PF = 7.5:1) in chloroform (CF) without and with 8% 
(v/v) pyridinium formate (PF) at various applied electrical potential. The collection distance, collection 

time and solution flow rate were fixed at 10 cm, 1 min, and 1 mL⋅h–1, respectively 
 

Solution HV  
(kV) 

Fiber Diameters 

(μm) 

Bead Size 

(μm) 

Bead Density 
(# bead·cm-2) 

PS/BEH-PF 
/CF 

7.5 
10.0 
12.5 
15.0 
17.5 
20.0 

- 
- 
- 
- 
- 
- 

14.65 ±  6.19 
23.05 ± 11.25 
19.14 ±  5.64 
16.11 ±  4.09 
16.80 ±  4.29 
14.05 ± 5.79 

0.40 × 105 
0.34 × 105 
0.78 × 105 
1.18 × 105 
2.02 × 105 
2.10 × 105 

PS/BEH-PF 
/CF+ PF 

7.5 
10.0 
12.5 
15.0 
17.5 
20.0 

0.68 ± 0.16 
0.79 ± 0.19 
0.85 ± 0.23 
0.92 ± 0.19 
0.98 ± 0.15 
1.04 ± 0.17 

- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 

 
To confirm the PS and BEH-PF component in the e-spun products by Figure 3.3, which 

shows the IR spectra (in the wavenumber range of 500-4000 cm-1) of the of PS pellet, BEH-PF 
powder and some of the e-spun products from 8.5% (w/v) solutions of PS/BEH-PF in CF without and 
with the presence of PF at applied electrical potential 15 kV. The chemical functionalities of the e-
spun products from 8.5% (w/v) PS/BEH-PF solutions in CF without and with the presence of PF 
were compared with those obtained from the as-received PS pellets and the as-synthesized BEH-PF. 
Table 3.2 summarizes some absorbance peaks characteristic of the PS and BEH-PF component in 
the e-spun products. According to Figure 3.3, the peaks characteristic of PS component were evident 
in all of the FT-IR spectra of the as-spun fibers (e.g., at 696-698, 1,490, and 3,020-3,030 cm-1). 
Moreover, the peaks characteristic of BEH-PF are 813 and 1,380 cm-1 which belongs to CH out-of-
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plane bending vibrations in C=CH2 group and CH bending vibrations in CH3 deformation, 
respectively. Additionally, the peak at 2,850 and 2,920 cm-1 are specific to symmetric CH stretching 
vibrations in -CH2 group and asymmetric CH stretching vibrations in -CH2 group, respectively. These 
results indicate that PS and BEH-PF still exist in the e-spun products and no change in their 
chemical structure. 
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Figure 3.3  IR spectra of a) PS pellet, b) BEH-PF powder and the electrospun products from 8.5% 
(w/v) solutions of PS/BEH-PF (PS:BEH-PF = 7.5:1) in chloroform (CF) without c) and with d) 8% 
(v/v) pyridinium formate (PF) at applied electrical potential 15 kV. The collection distance, collection 

time and solution flow rate were fixed at 10 cm, 1 min, and 1 mL⋅h–1, respectively. 
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Table 3.2  Analysis of IR spectra of as-received PS pellet, BEH-PF powder and the electrospun 
products from 8.5% (w/v) solutions of PS/BEH-PF (PS:BEH-PF = 7.5:1) in chloroform (CF) without 
and with 8% (v/v) pyridinium formate (PF) at applied electrical potential 15 kV. The collection 

distance, collection time and solution flow rate were fixed at 10 cm, 1 min, and 1 mL⋅h–1, respectively 
 
 

 
 
 
 
 
 
 
 

As-received 
materials 

(cm-1) 

Electrospun products 
 

(cm-1) 
PS BEH-PF PS/ 

BEH-PF 
/CF 

PS/ 
BEH-PF 
/CF + PF 

Assignment 

698 - 696 698 CH bending vibrations in CH deformation 
754 756 756 756 CH out-of-plane bending vibrations in -CH=CH-(cis) group 
- 813 813 813 CH out-of-plane bending vibrations in C=CH2 group 

906 886 906 906 CH out-of-plane bending vibrations in -CH=CH2 group 
- 1380 1380 1380 CH bending vibrations in -CH3 deformation 

1450 1460 1450 1450 Asymmetric CH bending vibrations in -CH3 group 
1490 - 1490 1490 CH bending vibrations in CH2 Scissoring group 
1600 1610 1600 1600 C=C stretching vibrations in Conjugated 
2850 2850 2850 2850 Symmetric CH stretching vibrations in -CH2 group 
2920 2920 2920 2920 Asymmetric CH stretching vibrations in -CH2 group 

- 2960 - - Asymmetric CH stretching vibrations in -CH3 group 
3030 - 3020 3020 CH stretching vibrations in =C-H, =CH2 and CH group 
3060 - 3060 3060 CH stretching vibrations in =C-H, =CH2 and CH group 



57 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 3.4  a) Absorption and b) PL emission spectra of 8.5% (w/v) solutions of PS/BEH-PF 
(PS:BEH-PF = 7.5:1) in chloroform (CF) without and with 8% (v/v) pyridinium formate (PF). 
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Figure 3.5  PL Emission spectra of the electrospun products spun from 8.5% (w/v) solutions of 
PS/BEH-PF (PS:BEH-PF = 7.5:1) in chloroform (CF) without a) and with b) 8% (v/v) pyridinium 
formate (PF) at various applied electrical potential. 

 
To further study the photophysical properties (e.g. absorption and emission) of the as-

prepared solution, their e-spun products, spin-coated and solution-cast films, UV-Visible (UV-Vis) and 
photoluminescence (PL) spectroscopy were used to investigate. All spectra results were normalized 
for clarity. Figure 3.4(a) shows the absorption spectra of the PS/BEH-PF solutions with or without the 
presence of PF (all spectra results were normalized for clarity). Apparently, the maxima of both 
spectra were observed at the same value (i.e., 384 nm). Additionally, Figure 3.4(b) shows the 
emission patterns of the PS/BEH-PF solutions with or without the presence of PF. For both types of 

a) 

b) 
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the solutions, a sharp peak was observed at 416 nm, with a shoulder being observed at 436 nm, 

corresponding to the violet-blue color emission of BEH-PF. The relaxation of excited π-electrons to 
different vibrational energy levels of electronic ground state as corresponded to the violet-blue color 
emission of the solutions. Evidently, the addition of PF into the base PS/BEH-PF solution did not 
affect both the absorption and the emission spectra of the resulting solution at all. These 
characteristics of the absorption and emission spectra correspond to the intrinsic nature of 
conjugated polymers which have chromophores with various conjugation lengths.[20, 21] Because of 

the random twisting of main chain prevents the delocalization of π-electrons throughout the entire 
polymeric molecule, according to the specific optical properties of these individual chromophores 
such as chain conformation, energy levels, HOMO-LUMO energy gap and emission efficiency.[21-26] 

With regards to the emission of the e-spun products, it is obvious that the morphology of the 
e-spun products significantly affected their emission spectra as shown in Figure 5(a) and (b) which 
show the emission spectra of the e-spun products spun from 8.5% (w/v) solutions of PS/BEH-PF in 
CF without and with 8 vol.-% PF, respectively, as a function of the applied electrical potential. All 
emission spectra of the discrete beads exhibit a peak centered around 530 nm and shoulder 
centered around 442 nm, while the peaks and shoulder of the e-spun fibers are around 439 (1st 
maximum intensity), 417 (2nd maximum intensity), and 536 nm, respectively. In addition, both of the 
e-spun products exhibited a red shift in their emission spectra, when compared with those of the 
solutions, possibly due to the aggregation of BEH-PF in both types of the e-spun products as lower 

energy emission peaks were observed. The aggregation of BEH-PF chains occurred from the π-π 
interaction stacking provides the increased number of energy levels of the individual chromophores, 
resulting in the longer conjugation length arrangement conformations of BEH-PF chains and then the 
decreasing HOMO-LUMO energy gap of those individual chromophores occurred. [20, 21, 27-30] 
Moreover, there is no clear relationship between the emission peak positions and the applied 
electrical potential as both kinds of the e-spun products exhibit minor differences (see Figure 3.5(a) 
and (b)). It seem to suggest that the fluctuation in the forces (e.g. gravitational force, surface tension, 
electrostatic force, Coulombic repulsion force, viscoelastic force and drag force) [4, 17, 18, 31] acting 
on BEH-PF molecules within jet segments during e-spinning. 

To further study in more details of PL emission characteristics, the films produced by spin 
coating and solution casting from solutions of 8.5% (w/v) solutions of PS/BEH-PF (PS:BEH-PF = 
7.5:1) in CF were also investigated for comparison with both kinds of the e-spun products (see figure 
3.6). The summary of the positions and color emission of peak and shoulders in the PL emission 
spectra of those samples is shown in Table 3.3. The PL emission pattern of the spin-coated film 
exhibit a maximum emission centered around 430 nm and shoulders centered around 515 nm. For 
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the solution-cast film, its emission peak is at about 435 nm and shoulder is at about 522 nm. Both 
kinds of films also exhibit a red shift in their emission spectra corresponding to the blue-green color 
emission, when compared with those of the solutions, due to the aggregation of BEH-PF molecules 
as discussed previously.  
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Figure 3.6  PL Emission spectra of samples produced from solutions of 8.5% (w/v) solutions of 
PS/BEH-PF (PS:BEH-PF = 7.5:1) in chloroform (CF). Samples were a) spin-coated film, b) solution-
cast film, the electrospun (e-spun) c) beads, and d) fibers at applied electrical potential 15 kV. 

 
Table 3.3  Summary of the positions and color emission of peak and shoulders in the PL emission 
spectra of 8.5% (w/v) solutions of PS/BEH-PF (PS:BEH-PF = 7.5:1) in chloroform (CF) without and 
with 8% (v/v) pyridinium formate (PF), the corresponding spin-coated and solution-cast films, and the 
electrospun (e-spun) products (beads and fibers) at applied electrical potential 15 kV 
 
 
 
 
 
 
 
 
 
 
*  = peak with the 1st maximum intensity 
* *  = peak with the 2nd maximum intensity 
+  = shoulder  

Peak and Shoulders 
(nm) 

Sample 

Violet Blue Green 

Color Emission 

Solutions *416 +436 - Violet-Blue 
Spin-coated film - *430 +515 Blue-Green 
Solution-cast film - *435 +522 Blue-Green 
E-spun beads - +442 *530 Green-Blue 
E-spun fibers **417 *439 +536 Blue-Violet-Green
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To consider the peak position of PL emission spectra of all samples (see Table 3.3), the e-
spun beads show a much more red shift than e-spun fibers, solution-cast and spin-coated films, 
respectively. Interestingly, the e-spun fibers only illustrate the emission shoulder at the higher energy 
region (wavelength around 416 nm) similar to the as-prepared solution. Looking closely at the color 
emission of the e-spun products, the e-spun beads show the green-blue color emission while the e-
spun fibers exhibit the blue-violet-green color emission. It can be concluded that the different 
morphological appearances significantly affect their color emissions. 
 
3.4 Conclusions  
 We successful prepared the electrospun (e-spun) fibers with average diameters ranging from 

0.68 to 1.04 μm of poly(2,7-(9,9-bis(2-ethylhexyl)fluorene))  (BEH-PF) with polystyrene (PS) from the 
blend solution of 8.5% (w/v) PS/BEH-PF in chloroform (CF) (the compositional weight ratio between 
PS and BEH-PF being 7.5:1). Electrospinnability of the PS/BEH-PF solution was improved by the 
addition of a volatile organic salt, pyridinium formate (PF), to the solution prior to electrospinning as 
the bead formation disappeared. From FT-IR results of the chemical structure study which indicate 
that PS and BEH-PF still exist in the e-spun products and no change in their chemical structure. The 
photophysical properties study shows that the blend solutions exhibit the violet-blue color emission. 
Additionally, both of the e-spun products (beads and fibers) exhibited a red shift in their emission 
spectra, when compared with those of the solutions as the green-blue and blue-violet-green color 
emissions, respectively, observed. This is due to the aggregation of BEH-PF molecules occurring 

from the π-π interaction stacking. Thus the decrease in HOMO-LUMO energy gap of individual 
chromophores of BEH-PF was obtained which correspond to their photophysical properties.  
However, both kinds of films (spin-coated and solution-cast films) also showed the red shift in their 
emission patterns as we observed the blue-green color emission for both types of film fabrication. It 
seems to be concluded that the different morphological appearances significantly affect to the color 
emission. This study leads to application of various morphological materials in a small-scale 
electronic and optoelectronic devices such as OLED and solar cell which require the full range color 
and various types of HOMO-LUMO energy gap.  
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