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ABSTRACT

Electrospinning method is accepted as a convenient technique to produce 
nanofibers. But, the present work opens a new concept of electrospinning method for 
controlling the crystal morphology and molecular orientation of nanofibers through the 
illustration of a case study of polyoxymethylene (POM) nanofibers. Isotropic and 
anisotropic electrospun POM nanofibers are successfully prepared by using a stationary 
collector and disc rotating collector. By controlling the voltage and the rotating velocity 
of the disc rotator, the morphology changes between an extended chain crystal (ECC) 
and a folded chain crystal (FCC) as clarified by the detailed analysis of X-ray diffraction 
and polarized infrared spectra of POM nanofibers. Herman’s orientation function and 
dichroic ratio lead US to a schematic conclusion that (i) molecular orientation parallel to 
fiber axis is observed in both isotropic and anisotropic POM nanofibers, (ii) a single 
nanofiber consists of an assembly of nanofibril with 60-70 Â in size and tilting at a 
certain degree, and (iii) the higher the spinning velocity, the smaller the nanofibril under 
9/5 helical structure of POM chains. It should be emphasized here the electrospinning 
method is not anymore a single nanofiber producer but it can work as a new instrument 
to control the morphology and chain orientation characters of polymer materials, 
opening a new research field in the polymer science.

Keywords: Electrospinning, polyoxymethylene, molecular orientation, crystal
morphology, aligned nanofiber. 1

1. In trod u ction

Up to present, electrospinning has been accepted as an efficient technique for
the production of polymer fibers with diameters ranging from nano- to micro-scale,
providing high surface area to volume ratios, and is of considerable interest for many
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applications, such as nanoparticle carrier in controlled release1, scaffold in tissue 
engineering2, wound dressing3, military wears with chemical and biological resistant 
protection4’5, nanofibrous membrane or filter5, as well as electronic sensors5,6. The 
characteristics of the electrospinning process involve an application of a strong 
electrostatic field to initiate a polymer jet with a sharp decrease of the jet diameter after 
its formation.7 A branching of the jet occurred during the electrospinning process further 
leads to a decrease in diameter and a time resolution of approximately 0.0125 ms was 
reported based on the mechanism of the jet formation in electrospinning.8

Macroscopically aligned nanofibers by modifying the fiber collecting system to 
incorporate a rotating mandrel collector9, a copper wire drum10, a scanning tip11, or 
conductive plates containing an insulating gap12, have been proposed so far. The 
production of uniaxially aligned nanofibers of which anisotropic properties are 
important for use in microelectronics and in a- variety of electrical, optical, mechanical, 
and biomedical applications is considered. However, consideration on the morphology 
and molecular orientation of polymer chains is very limited.13,14

Polyoxymethylene (POM), also known as polyacetal, is an important 
engineering thermoplastic as well as a crystalline polymer commonly used to replace 
metals and alloys due to its high tensile strength, impact resistance, stiffness, good 
dimensional stability, and corrosion resistance. The (9/5) helical structure was first 
proposed by Tadokoro et al. for the molecular conformation of POM to be hexagonal 
with a unit cell parameters a = 4.47Â and c = 17.39Â.15 Later, a more accurate (29/16) 
helical structure was proposed from the layer line intervals by Carazzolo.16 Recently, 
Tashiro et al. has refined this crystal structure based on the synchrotron X-Ray and 
neutron diffraction data. Crystal morphology structure of the crystalline phase is 
generally classified into two types; an extended-chain crystal (ECC) and a folded-chain 
or lamellar crystal (FCC), depending on crystallization condition as well as on thermal 
and mechanical histories. 17 Generally, the properties of POM are significantly 
influenced by the crystal morphology of the polymer. The typical FCC structure is 
achieved by crystallizing a dilute POM bromobenzene solution. This generated
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hexagon-shaped lamellar crystals with ca. 1 0  nm thickness, where the molecular chains 
are folded at the lamellar surface with the stems aligning normal to the surface.18 The 
typical ECC structure is achieved through a heterogeneous cationic polymerization of 
trioxane, giving micron-sized needlelike single crystals where the extended POM 
molecules align parallel to the needle axis.19,20 Drawing the fiber is another way to 
develop ECC-typed POM.17 The crystal morphology in the melt-grown bulk samples 
situates in between the above two extremes.31

Melt spun POM is an alternative choice to explore new applications; however, 
the difficulty is about how to prepare POM melt under elevated temperature condition 
without degradation.24 In order to avoid this problem, copolymer with small amount of 
other comonomer is useful as long as the crystallization behavior is not affected 
seriously.24

We succeeded in developing electrospun POM nanofibers of which we proved 
that inevitable nanopores are generated under TIPS and VIPS mechanisms. However, by 
controlling the spinning electrical voltage and rotating speed of the disc rotator, we 
found that (i) the electrospinning easily controls the crystal morphology, and (ii) the 
morphology is interchangeable. It is important to note that by the careful analysis 
together with the controlled spinning condition, especially the spinning voltage and the 
type of the fiber collector including its spinning velocity, we found that we are not only 
producing inevitable nanoporous nanofiber but we are controlling the crystal 
morphology and molecular orientation at molecular level. Therefore, herein, we propose 
that electrospinning is no longer the nanofiber preparation process but it is a novel 
instrument to control the morphology and chain orientation. This allows US to be 
possible to investigate and understand how the physical and mechanical properties can 
be derived under the relationship with the chain morphologies.

Generally, the morphology of extended chain crystals of POM and of highly 
oriented fibers has been studied using various microscopy techniques17, electron 
diffraction technique23 as well as spectroscopy techniques17. The morphological 
information can be obtained by measuring the small-angle X-ray scattering (SAXS) but
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it is quite difficult to measure the SAXS pattern for a thin fiber using an X-ray 
diffraction of a laboratory level. Rather the infrared spectral measurement is considered 
to be one of the best methods in the POM case, because the infrared spectra of POM are 
quite sensitive to the morphology. In the present study, we combine the polarized 
infrared spectra and the wide-angle X-ray diffraction for the various POM fibers 
produced by the electrospinning under the drawing equipment to clarify the possibility 
to control the morphology of electrospun fibers of POM. The present work, thus, shows 
a case study based on POM nanofiber about the application of a simple electrospinning 
technique on controlling a complicated morphology of polymer chain packing for the 
first time. 2

2. E x p er im en ta l Section

M ateria ls. Homopolymer of polyoxymethylene was provided by Thai Polyacetal Co. 
Ltd., Thailand. l,l,l,3,3,3-hexafluoro-2-propanoI (HFIP) was purchased from Nacali 
Tesque, Inc., Japan. All chemicals were used without further treatment.
P rep aration  o f  e lectro sp u n  P O M  fib ers. Solutions of 5 wt% POM were prepared in 
HFIP by stirring of the solution at 40°c for 2 hrs. The resulting clear and homogeneous 
solutions were transferred to a 2.5 mL syringe and electrospun using NANON (MECC 
Co. Ltd.). The as-spun POM nanofiber was deposited onto a stationary collector whereas 
the aligned POM nanofiber was deposited onto a rotating metallic disc collector capable 
of rotating speed up to 1890 m/min. The needie-to-collector distance was fixed at 10 cm, 
an electrical voltage was 15 kv, and a volumetric flow rate was 0.5 mL/h. Relative 
humidity was about 30-35%.
C h a ra cter iza tio n s. Surface morphology of the electrospun POM fiber was observed by 
a JSM-5200 JEOL scanning electron microscope. The DSC thermograms were measured 
using a Perkin Elmer Pyris Diamond DSC7 under the flow of N2 gas at the rate of 20 
mL/min and a heating rate of 10°c/min from 25 to 200 °c. The degree of crystallinity
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OCc) was estimated by assuming that the heat of melting per unit mass of purely 
crystalline sample is identical to that of melting of a 100% crystalline POM sample (i.e. 
317.93 J/g, Iguchi et a l . ) } 5 Polarized infrared spectra were measured with a Varian FTS- 
7000 Fourier-transform infrared spectrometer equipped with a wiregrid polarizer. The 
resolution power for the IR was 2 cm'1. The X-ray diffraction system was a 
Rigaku/TTR-IIl X-ray diffractometer with Cu Ka line as an incident X-ray beam. The 
X-ray diffraction profiles were measured in a reflection mode in the 20 range of 10-30° 
at a scanning rate of 5°/min. The crystallite size was estimated using Scherrer equation, 
<L>hki = KA./pcos0, where <L>hki is a crystallite size estimated from the (hkl) reflection 
planes, K is a constant (0.9), X is the wavelength of incedent X-ray (1.542 nm), p is full 
width at haft maximum peak intensity (FWHM), and 0 is a Bragg angle. The FWHM or 
p has been corrected for the peak broadening caused by the slit system of the 
diffractometer in which p2 = p20bs - p2m, where Pobs is the FWHM and pm is the peak 
broadening due to the slit system. The pm was estimated from the diffraction peak 
measured for Si powder sample. Two dimensional wide angle X-ray diffractometer (2D- 
WAXD) was applied to take the fiber diagrams using an imaging plate system DIP 1000 
(MAC Science Co. Japan) with the graphite-monochromatized CuKa line as an incident 
X-ray beam (A =1.542 Â). Azimuthal profiles to estimate the degree of orientation of 
crystallites were obtained from 2D WAXD patterns with the zero angle on the equator 
and counterclockwise scanning.

3. R esu lts  and D iscu ssion

Figure 5.1 shows nanofibers with different diameters and morphologies when 
the rotating disc collector was applied. Due to the bending instability of the charged jet, 
an isotropic nanofiber with diameter about 1 0 0 0  nm was observed when the fiber was 
collected by a stationary collector (Figure 5.1 (a) and (d)). On the other hand, the aligned 
POM nanofibers were obtained by adjusting the linear velocity of the disc rotating
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collector. Fiber alignment is significantly improved with the velocity (Figure 5.1 (b) and
(c)). As the linear velocity increased from 630 m/min to 1890 m/min, the average 
diameter decreases from 700 nm to 350 nm (Figure 5.1 (e) and (f)). This indicates that 
the fibers were stretched and aligned toward the rollup direction together with the 
control in fiber diameter via drawing. In order to understand how the electrospinning 
process as well as the mechanical drawing affects the crystal morphology and molecular 
orientation of the nanofiber; polarized FTIR and X-ray diffraction were measured.

(a) 5? (b) g  (c)

F ibe r  d i a m e te r  (nm) F ib e r  d ia m e te r  (nm) F ib e r  d i a m e te r  (nm)
(d) (e) ๑

F igu re  5 .1 . Scanning electron micrographs and frequency distribution of electrospun
POM nanofiber obtained from using the rotating disc collector with the velocity of
(a,d) 0 m/min, (b,e) 630 m/min, and (c,f) 1890 m/min. Arrows indicate drawing
direction.

C rysta l m o rp h o lo g y  o f  e lec tro sp u n  P O M  n an ofib er. Up to present, various reports 
showed how the vibrational spectrum of the POM with different crystal morphology 
exhibits specific spectrum patterns which can be used for the characterization of the
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m o rp h o lo g ic a l  s tr u c tu re  o f  th e  P O M  s a m p le s .26 * *"29 It sh o u ld  b e  n o te d  th a t  b o th  E C C  a n d  
F C C  s tr u c tu re s  g iv e  th e  s a m e  X -ra y  d if f ra c t io n  p a t te rn , b u t  re m a rk a b ly  d if fe re n t  IR  
s p e c t r a .17 T h e  b a n d s  d u e  to  th e  A 2 s y m m e try  s p e c ie s , h a v in g  th e  t r a n s it io n  d ip o le  a lo n g  
th e  c h a in  a x is ,  s h o w  a  s ig n if ic a n t  h ig h - f r e q u e n c y  s h if t  (a s  h ig h  a s  100  c m '1) in  th e  F C C  

sa m p le  a s  c o m p a re d  w ith  th o s e  o f  th e  E C C  s a m p le  (T a b le  5 .1 ) . O n  th e  o th e r  h a n d , th e  
in f ra re d -  a n d  R a m a n -a c t iv e  E l  b a n d  (h a v in g  th e  t r a n s it io n  d ip o le  p e rp e n d ic u la r  to  th e  
c h a in  a x is )  a n d  th e  R a m a n -a c t iv e  a n d  in f ra re d - in a c t iv e  A ] a n d  E 2 b a n d s  a p p e a r  a t th e  
s a m e  f r e q u e n c ie s  in  b o th  F C C  a n d  E C C  sa m p le s .

T a b le  5 .1  F T IR  b a n d  a s s ig n m e n t  o f  p o ly o x y m e th y le n e

M o d e E C C a F C C a A s s ig n m e n t

E l  ( 6 ) ,  -L 1 2 3 5 ,v s 1 2 3 5 ,v s C H 2 ro c k ., Ô (O C O ), 
V s(C O C )

A 2(3 ) , / / 1 0 97 , พ ร 1136, พ ร V a(C O C ), Ô (O C O )

E ,(7 ) ,  1 / 1092 , พ ร V a(C O C )

E ,(8 ) ,  1 9 3 5 , พ ร 9 3 5 , พ ร v s(C O C )

A 2( 4 ), // 8 9 7 , พ ร 1002, พ ร v a(C O C ), C F F  ro ck .

E |( 9 ) ,  -L 6 2 8 , ร 6 3 0 , ร Ô (O C O )

a relative intensity of the infrared band, ร: strong, vs: very strong, พร: very very 
strong.

The structure of the as-spun POM nanofibers was characterized by FTIR and
the result was compared with that acquired from a cast film (prepared from the same
solution used for electrospinning). As evidence in Figure 5.2 (b) and Table 5.1. the as-
spun POM nanofiber shows the characteristic IR peaks of A2(4), E](8 ), E|(7), and E|(6 ) 
bands at the positions corresponding to the ECC morphology. Small shoulder at around 
995 cm 1 is also observed which is due to the amorphous phase in the system. The cast
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f i lm , o n  th e  o th e r  h a n d , s h o w s  c h a ra c te r is t ic  IR  p e a k s  in w h ic h  A 2(4 ) b a n d  is  lo c a te d  a t 
9 9 7  c m '1 a n d  A 2(3 )  b a n d  is a t  1130  c m 1, c o r re s p o n d in g  to  th e  b a n d  p o s i t io n s  e x p e c te d  
to  th e  F C C  m o rp h o lo g y  (F ig u re  5 .2  (a )) . T h is  im p lie s  th a t  th e  c ry s ta l  m o rp h o lo g y  is 
c h a n g e d  re m a rk a b ly  b y  e le c tro s p in n in g  p ro c e s s .  K o b a y a sh i a n d  S a k a s h i ta  r e p o r te d  th a t 
th e  E C C  c a n  b e  d e v e lo p e d  u p o n  th e  s a m p le  d ra w in g . F o r  e le c tro s p in n in g  p ro c e s s ,  an  
e le c tr ic  fo rc e  is r e q u ire d  to  o v e rc o m e  b o th  s u r fa c e  te n s io n  an d  v is c o e la s t ic  fo rc e  fo r 
s tr e tc h in g  th e  f ib e r . T a k in g  th is  in to  o u r  c o n s id e ra tio n , th e  s tr e tc h in g  d u r in g  th e  
e le c tro s p in n in g  p ro c e s s  is s u b s ta n t ia l  fo r  s tr e tc h in g  th e  c ry s ta l  re g io n  to  g e t th e  E C C  
m o rp h o lo g y .

T o  c o n f i rm  th a t  th e  e le c t ro s p in n in g  in i t ia te s  th e  E C C  c h a in  m o rp h o lo g y  an d  
th is  p a c k in g  c a n  b e  e a s ily  c h a n g e d  to  F C C , th e  a s -s p u n  P O M  n a n o f ib e r  w a s  d is s o lv e d  in 
h e x a f lu o r o - 2 -p ro p a n o l  (H F IP )  s o lu t io n  fo l lo w e d  b y  re -c a s tin g  a n d  re - s p in n in g . F ig u re
5 .2  (c )  s h o w s  im p o r ta n t  in fo rm a tio n  a b o u t  th e  c h a n g in g  fro m  E C C  to  F C C  a f te r  
r e c a s t in g . M o r e o v e r ,  th e  re -s p u n  f ib e r  s h o w s  th a t  th e  E C C  is  r e c o v e re d  a g a in  a f te r  r e ­
s p in n in g  (F ig u re  5 .2  (d )) . T h is  e x p e r im e n ta l  re su lt  d e m o n s tra te s  c le a r ly  th e  e f fe c tiv e n e s s  
o f  c o n tr o l l in g  E C C  m o rp h o lo g y  v ia  e le c tro s p in n in g . It sh o u ld  be  e m p h a s iz e d  h e re  th a t 
th e  d e g re e  o f  c h a in  o r ie n ta t io n  in th e  n a n o f ib e r  is  in c re a se d  b y  in c re a s in g  th e  ro ta tin g  
sp e e d  (s e e  th e  d is c u s s io n  o n  M o le c u la r  o r ie n ta t io n  in e le c tro s p u n  P O M  n a n o f ib e r ) . T h e  
im p o r ta n t  p o in t  h e re  is th a t e v e n  th o u g h  w ith o u t  a p p ly in g  a n y  su c h  a te n s i le  fo rc e  to  th e  
f ib e rs , w e  can  g e t th e  n a n o f ib e r s  w ith  h ig h ly  d e v e lo p e d  E C C  m o rp h o lo g y . T h is  is q u ite  
im p o r ta n t  f in d in g  in th e  te c h n ic a l  d e v e lo p m e n t  o f  th e  e le c tro s p in n in g  m e th o d
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Figure 5.2. FTIR spectra of POM obtained from (a) cast film, (b) as-spun nanofiber,
(c) re-cast film, and (d) re-spun nanofiber.
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M o lecu la r  o r ien ta tio n  in e lec tro sp u n  P O M  n an ofib er . F ig u re  5 .3  s h o w s  th e  p o la r iz e d  
F T 1R  s p e c tra  o f  e le c tro s p u n  P O M  n a n o f ib e r s  w h ic h  w e re  c o l le c te d  w ith  th e  d isc  ro ta tin g  
c o l le c to r  u n d e r  l in e a r  v e lo c i ty  0 , 6 3 0 , a n d  1 8 90  m /m in . A  s m a ll  p o r tio n  o f  th e  a s -sp u n  
P O M  n a n o f ib e r  is p ic k e d  u p  w i th  a  s p e c ia l  c a re  to  a v o id  fo rc e  a n d  te n s io n  d is tu rb e d  o r  
d e s tro y e d  th e  m o rp h o lo g y  d u r in g  s a m p le  p re p a ra t io n . F ig u re  5 .3  (a )  s h o w s  th a t p a ra lle l  
c o m p o n e n ts  o f  th e  1R p e a k s  o b s e rv e d  a t A 2 (4 ) a n d  A 2Q )  +  E ] (7 )  b a n d s  a re  s ig n if ic a n tly  
h ig h e r  th a n  th o s e  o b se rv e d  fo r  th e  p e rp e n d ic u la r  c o m p o n e n ts .  T h is  im p lie s  th a t  th e  
e le c tro s p in n in g  p ro c e s s  o r ig in a l ly  in d u c e s  th e  m o le c u la r  o r ie n ta t io n  to  b e  p a ra l le l  to  th e  
f ib e r  a x is .

(a) 0 m/min (b) 630 m/min (c) 1890 m/min

<])0 c (ซฺ -๐๐
1

F i g u r e  5 .3 . P o la r iz e d  FT 1R  s p e c tra  o f  e le c tro s p u n  P O M  n a n o f ib e r  w ith  lin e a r  
v e lo c ity  o f  (a )  0  m /m in , (b )  6 3 0  m /'m in , an d  (c )  1 8 90  m /m in . —  E le c tr ic  v e c to r  o f  an
in c id e n t  IR  b e a m  p e rp e n d ic u la r  to  th e  f ib e r  a x is  ( J _ ) . --------- E le c tr ic  v e c to r  o f  an
in c id e n t  IR b e a m  p a ra l le l  to  th e  f ib e r  a x is  (//) .

Wavenumber/ cm"  ̂ Wavenumber / cm"  ̂ Wavenumber/ cm’^
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A polymer solution is considered to experience two kinds of force during 
electrospinning; one is a shear force when it flows through a capillary (needle) at a very 
high rate and the other one is a Columbic force when the jet is elongated and accelerated 
by the high electric field applied. Both of the shear force and Columbic force possibly 
initiate synergistically the orientation of the polymer chain. Here, it is expected that an 
increase in mechanical force during the disc rotating will initiate the increase in 
molecular orientation of the polymer chain. As our expectation, when the linear velocity 
of the collector was increased from 0 m/min to 630 m/min and further increased to 1890 
m/min, the parallel IR bands of A2(4)and A2(3 )+Ej(7 ) bands increase remarkably 
indicating the better alignment of the polymer chain (Figure 5.3 (b) and (c)). It is 
important to notice that the frequency position of the A2(4) band corresponding to the 
ECC morphology is shifted from 900 'em’ 1 to 898 cm' 1 and to 894 cm' 1 as the linear 
velocity of the disc rotating collector is increased from 0 to 630 and to 1890 m/min, 
respectively. This implies that an increase in the tensile stress applied to the fiber 
accelerates the ECC morphology with significant defined structure.

To quantify the degree of uniaxial orientation exhibited by POM molecules, the 
concept of a dichroic ratio was applied. Dichroic ratio (R) can be calculated by using the 
formula, R = A//A_L, where A// is infrared absorbance of parallel component, and A± is 
that of perpendicular component. For a randomly oriented sample, R is equal to 1, and 
for a perfectly uniaxially oriented sample (all polymer chains are oriented along the fiber 
axis), R is equal to infinity. The dichroic ratios for the IR bands of the POM nanofibers 
are summarized in Table 5.2. The infrared peak observed at A2(4) band (-900 cm'1) 
corresponds to the ECC whereas that observed at A2(3) band (-1120 cm'1) corresponds 
to the FCC. As the linear velocity of the disc rotating collector increases, the ECC 
component is increased whereas the FCC component is decreased. The FCC peak could 
not be observed at the highest linear velocity (1890 m/min), resulting in the inexistence 
of if value. This implies that the polymer chains existing in the crystalline region can be 
stretched furthermore in the draw direction during the roiling-up process.
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T a b le  5.2 Dichroic ratio (A//M.1 ), and thermal properties of POM nanofibers at various 
rotating disc velocity

Linear velocity of disc rotating collector
Properties Unit 0 630 1890

(m/min) (m/min) (m/min)
Dichroic ratio, R 
(A2(3),~1120 cm'1) - 0.74 . 0.67 -

Dichroic ratio, R 
(A2(4), ~900 cm'1) - 2.15 3.95 7.87

AHm
( 1st heating) J/g 174 183 196

AHm
(2 nd heating) .J/g 168 ' 165 168

As FTIR spectra clearly shows นร that the disc rotating speed easily controls the 
ECC morphology, it is important to find the answer about polymer chain orientation at 
molecular level. Here, the molecular orientation in electrospun POM nanofibers was 
further investigated by 2D WAXD. Figure 5.4 shows 2D WAXD patterns of the aligned 
POM nanofibers collected at the linear velocity of 630 and 1890 m/min. By comparing 
these two patterns, it is clear that the disc rotating speed enhances orientation of the c- 
axis into the fiber direction significantly. Comparing the azimuthal profile of the two 
nanofibers obtained from the different disc rotating speed, it is clear that FWHM of the 
fiber obtained from the disc rotating speed at 1890 m/min is significantly smaller than 
that observed at 630 m/min, suggesting the lower degree of the mis-orientation of the 
polymer chain along the fiber axis (Figure 5.5).
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Figure 5.4. Two dimensional (2D) WAXD patterns for the 100 reflection of 
aligned POM nanofiber at (a) 630 m/min and (b) 1890 m/min.

(a) 630 m /m in

30 60 90 120

Azimuthal angle / ๐
150 180

Figure 5.5. Azimuthal-scan profiles for the 100 reflection for aligned POM nanofibers 
with linear velocity (a) 630 m/min and (b) ] 890 m/min.
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In order to identify how much the mis-orientation of nanofibril in nanofiber is, 
Herman’s orientation function was applied. Figure 5.6 (a) shows the Herman’s 
orientation function for the various kinds of fibers. Herman’s orientation function (/) is 
defined as

where cos2 (p represents a square averaged of cosine of angle (p between the fiber axis 
and the crystallographic axis. The value of /  is 1 when the polymer chains aligned 
perfectly parallel to the fiber axis and -0.5 when the polymer chains aligned perfectly 
perpendicular to the fiber axis. When / i s  zero, it means for the random orientation. In 
our case, the calculation of/ was simplified by simply calculating the misorientation 
appeared in azimuthal scan as shown in Figure 5.5. The value of/ can be calculated by 
the following equation:

_ 180° -  Aff»,,2 

7  180°

where k(p\a represents the FWHM of the azimuthally-scanned peak (Figure 5.5). Figure
5.6 (a) shows that the orientation function increases as the linear velocity of the disc 
rotating collector is increased. Especially, the nanofiber obtained at 1890 m/min gives/  
= 0.93 which is very close to 1, indicating that the polymer chains are oriented almost 
parallel to the fiber axis.
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Figure 5.6. (a) Herman’s orientation function (o) and dichroic ratio of A2(4 ) band at 
900 cm' 1 (•), (b) crystallinity estimated from the enthalpy of melt of the 1st heating 
(□ ) and 2nd heating (■ ), and (c) crystallite size estimated from 100 reflection (A) and 
009 reflection (A), as a function of linear velocity of the disc rotating collector.
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D eg ree  o f  cry sta llin ity  and cry sta llite  size. Table 5.2 also shows the enthalpy of melt 
of the as-spun and aligned POM nanofibers. In our case, the enthalpy of melt observed 
in the first heating (AHm, 1st heating) refers to the degree of crystallinity initiated by the 
electrospinning process. On the other hand, AHm observed in the second heating refers to 
the degree of crystallinity after slowly cooling from the melt. The AHm observed in the 
1 st heating increases gradually as the rotating speed is increased, implying the increase in 
crystallinity. Besides, it is significantly higher than that observed in the 2nd heating. 
Figure 5.6 (b) clearly shows the change in crystallinity as an effect of electrospinning 
process with various rotating disc collector, which confirms how electrospinning process 
induces the crystallization of POM.

Figure 5.6 (c) shows the change in crystallite size estimated from Scherrer’s 
equation for the 100 and 009 reflections. As the linear velocity of the disc rotating 
collector increases from 0 m/min to 630 m/min and to 1890 m/min, the <L> 100 decreases 
from 88.1 Â to 85.4 Â and to 61.4 Â, respectively, whereas the <Z,>ooç>is simultaneously 
increased from 63.5 Â to 71.2 Â and to 77.5 Â. Up to this point, we may say the 
following points; (i) the electrospinning method gives the highly oriented ECC crystals 
with relatively high crystallinity even without any additional tension and (ii) by applying 
the tensile force during the disc rotation, the degree of orientation and crystallinity are 
enhanced remarkably. At the same time, the crystallite size along the fiber direction is 
increased while that in the lateral direction <T>100  is decreased gradually.
S tru ctu re  o f  P O M  n an ofib er . Considering the overall results, the detailed structure of 
POM nanofiber is speculated with schematic illustration as shown in Figure 5.7. 
Tadokoro et al. reported the crystal conformation of 9/5 helical structure in the fiber 
period of 17.39Â.15 In the case of the electrospun POM nanofiber with disc rotation at 
1890 m/min, the <L> 009 for 77.5 Â and <Z>100 for 61.4 Â lead us to a schematic 
nanofiber with about 40 monomeric units and a bundle of 14 chains arranging along the 
chain axis in an X-ray coherent domain.

According to the theory by Kobayashi et al., the R/H ratio of the crystallite 
governs the vibrational frequency of the infrared At bands. 17 For example, the
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<Z,>ioo/<T>๓9 gives the value 0 . 8  for the nanofiber obtained by 1890 m/min rotating 
speed, which should predict the peak position of the A2 band closer to FCC. This is 
inconsistent with the actually observed infrared spectral profile, which corresponds to 
the almost perfect ECC morphology. We speculate this situation in the following way. 
The infrared-active vibrational mode comes from the aggregation of groups vibrating in- 
phase. This can be said for both of the chain direction and the lateral direction. The X- 
ray diffraction occurs from the domain which should consist of the positionally-regular 
array of the groups. The coherent (or in-phase) size of the “static” and “vibrating” units 
might be different in some senses. In a single nanofiber, the vibrationally matched 
domains are aggregated to form the geometrically-coherent region as illustrated in 
Figure 5.8 (a). Another possibility is the existence of so-called tie chains in between the 
neighboring crystallites, as proposed by Hama et al.31 The extended chains can pass 
through the neighboring crystallites and they form the bundle of small size (Figure 5.8 
(b)). These bundles have smaller R/H ratio because H »R . These bundles do not 
contribute to the X-ray diffraction positively but affect the infrared spectral profile 
remarkably. We need to investigate the relation between the R/H ratio estimated by the 
IR data and the crystallite size by X-ray data in more detail.
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Figure 5.7. (a) SEM micrograph of single POM nanofiber collected at 630 m/min, (b) 
Schematic representations of nanofibril existed in the single POM nanofiber, (c)-(e) 
Schematic representations of the crystal orientation of (c) POM at 0 m/min, (d) POM 
at 630 m/min, and (e) POM at 1890 m/min, (f) Crystal conformation of 9/5 helical 
structure of the POM chain.
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Figure 5.8. Schematic- illustration- of (a) vibrationally in-phase domain and 
geometrically-coherent region and (b) existence of tie chains in between the 
neighboring crystallites.

4. Conclusion
The present work demonstrated a new approach to control crystal morphology 

and molecular orientation by producing nanofibers via electrospinning process with a 
rotating disc collector using polyoxymethylene as an example. By controlling the 
electrical voltage and the rotating velocity of the disc collector, the morphology was 
changed between an extended chain crystal (ECC) and a folded chain crystal (FCC). 
Molecular orientation parallel to the fiber axis was observed in both isotropic and 
anisotropic POM nanofibers. The high rotating disc velocity was not only inducing the 
ECC morphology but also enhancing the chain to be parallel to the fiber axis. We have 
been able to clarify the chain aggregation structure in a single nanofiber in which a 
bundle of nanofibril was recognized. Based on Herman’ร orientation and crystallite size 
estimated from the 100 and 009 reflections, it was clear that nanofibril aligned almost
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parallel to the fiber axis at the highest rotating speed (1890 m/min) with a bundle of 
about 14 polymeric chains and ca. 40 monomeric units under 9/5 helical structure.
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