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 Electrospinning is a simple and convenient technique to produce polymer fi bers with diam-
eters ranging from several nanometers to a few micrometers. Different types of polymer 
fi bers have been prepared by electrospinning for various applications. Among different post-
treatment methods of electrospun polymer fi bers, the annealing process plays a critical role 
in controlling the fi ber properties. The morphology changes of electrospun polymer fi bers 
under annealing, however, have been little studied. Here we investigate the annealing effect 
of electrospun poly(methyl methacrylate) (PMMA) fi bers and their transformation into PMMA 
microspheres. PMMA fi bers with an average size of 2.39  μ m are fi rst prepared by electrospin-
ning a 35 wt% PMMA solution in dimethylformamide. After the electrospun fi bers are ther-
mally annealed in ethylene glycol, a non-solvent for PMMA, the surfaces of the fi bers undulate 
and transform into microspheres driven by the Rayleigh instability. The driving force of the 
transformation process is the minimization of 
the interfacial energy between the polymer fi bers 
and ethylene glycol. The sizes of the microspheres 
fi t well with the theoretical predictions. Longer 
annealing times are found to be required at lower 
temperatures to obtain the microspheres.    
  1. Introduction 

 In recent years, electrospinning has aroused considerable 
interest as a promising technique for producing polymer 
fi bers with diameters ranging from several nanometers 
to a few micrometers. [  1,2  ]  Because of the high surface-
area-to-volume ratios, electrospun polymer fi bers have 
been investigated for a variety of applications such as catal-
ysis, [  3  ]  fi ltration, [  4  ]  tissue engineering, [  5  ]  wound dressing, [  6  ]  
and drug delivery. [  7  ]  These applications usually require dif-
ferent types of post-treatment after the preparation of the 
electrospun fi bers. Among these post-treatment methods, 
wileyonlinel
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annealing is a useful process to control the properties of 
the polymer fi bers. For example, Zong et al. reported that 
the crystallinity of electrospun poly(glycolide- co -lactide) 
was increased by annealing the samples at elevated tem-
peratures without drawing. [  8  ]  They also found that the 
tensile strength of the electrospun membranes was greatly 
improved by stretching and annealing the samples. Liu 
et al. reported that the metastable gamma-crystals of as-
spun nylon-6 fi bers gradually melted and recrystallized 
into thermodynamically stable alpha-form crystals after 
annealing above 150  ° C. [  9  ]  The annealing process is applied 
to not only electrospun polymer fi bers, but also inorganic 
electrospun fi bers, such as silica or titania. For example, 
Tomer et al. studied the erbia-modifi ed electrospun titania 
nanofi bers and found that an anatase titania crystal struc-
ture was obtained when the samples were annealed to 
773 K, while a rutile phase was achieved when the samples 
were annealed to 1173 K. [  10  ]  
ibrary.com 343 DOI: 10.1002/marc.201100734 ibrary.com
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 Despites these works of annealing electrospun polymer 
fi bers, the annealing effect on the morphology changes 
of electrospun polymer fi bers has been little studied. 
Here we study the transformation process of electro-
spun polymer fi bers under thermal annealing in eth-
ylene glycol. Poly(methyl methacrylate) (PMMA) fi bers are 
fi rst prepared by electrospinning a solution of PMMA in 
dimethylformamide (DMF). The sizes and morphology of 
the PMMA fi bers can be controlled by adjusting the elec-
trospinning conditions, such as polymer concentration, 
applied voltage, and feeding rate. By thermally annealing 
the electrospun PMMA fi bers in ethylene glycol, the sur-
faces of the fi bers undulate and transform into polymer 
microspheres driven by the Rayleigh instability. 

 The Rayleigh instability is commonly seen in daily life. 
A simple example of the Rayleigh instability is a stream 
of water dripping from a faucet. The Rayleigh instability 
was pioneered by Plateau, who studied the instability in 
liquid cylinders. [  11  ]  He understood that the instability 
of these cylinders arises from the liquid surface tension. 
When the free surface of a liquid cylinder of radius  R  0  
undulates with a wavelength   λ  , its surface area decreases, 
as long as   λ   is larger than the perimeter of the cylinder 
(2 π  R  0 ). The distortion then amplifi es and the liquid cyl-
inder disintegrates into a chain of drops. Later, Rayleigh 
demonstrated that the wavelength of the distortion and 
the size of the drops are determined by the fastest dis-
tortion mode. [  12  ]  Similar calculations were further calcu-
lated by Nichols and Mullins, who extended Rayleigh′s 
perturbation approach to solid cylinders. [  13  ]  They studied 
the mass transport of solid cylinders by either surface or 
volume diffusion. For an infi nitely long cylinder of radius 
of  R  0  with an infi nitesimal longitudinal sinusoidal pertur-
bation, the perturbed surface is given by [  13  ]

  r = R0 + δ sin(2π/λ)z   (1)   
where   δ   is the amplitude of the perturbation,   λ   is the 
wavelength of the perturbation, and  z  is the coordinate 
along the cylindrical axis. Nichols and Mullins calculated 
that the amplitude of a perturbation with a wavelength of 
  λ    >  2 π  R  0  is expected to increase spontaneously with time, 
and the perturbations with   λ   m   =  2 π  

√
2    R  0   =  8.89 R  0  have the 

maximum growth rate. [  13  ]  The solid cylinder then breaks 
up into a line of particles with an average spacing   λ   m  and 
diameter  d   =  3.78 R  0 . In their analysis, they assumed an 
isotropic surface energy of the initial solid cylinder. This 
assumption is violated in many cases, concerning the 
effect of anisotropic surface energy. [  14  ]  

 The Rayleigh instability is commonly observed in metal 
nanowires. For example, Toimil-Molares et al. reported 
the Rayleigh instability in copper nanowires annealed 
at temperatures between 400 and 600  ° C. [  15  ]  The copper 
nanowires fragment into chains of nanospheres, and 
the average diameter and spacing of the nanospheres 
Macromol. Rapid Comm
© 2012  WILEY-VCH Verlag Gm
are in good agreement with theoretical predictions. The 
Rayleigh instability is also observed in polymer mate-
rials. For example, Park et al. studied that polymer strips 
on a silicon wafer rupture anisotropically upon thermal 
annealing, resulting in the formation of regularly 
spaced polymer drops. [  16  ]  Chen et al. also reported the 
Rayleigh instability in thin PMMA fi lms confi ned within 
nano porous alumina membranes. [  17,18  ]  After thermal 
annealing, the PMMA nanotubes undulate and eventually 
bridge across the cylindrical nanopore in the membrane, 
resulting in the formation of polymer nanorods with 
encapsulated holes. [  17  ]  For these experimental studies on 
the Rayleigh instability, the materials are usually placed 
on substrates during the annealing process. Consequently, 
the instability results are perturbed by the interactions 
between the materials and the underlying substrates. For 
a fi lm of liquid on a substrate, it may be in the complete 
wetting or the partial wetting regimes, depending on the 
spreading coeffi cient, which is measured by the interfa-
cial energy difference between the bare substrate and the 
substrate covered with a fi lm of liquid. [  19  ]  These different 
wetting regimes strongly affect the results of the transfor-
mation of materials driven by the Rayleigh instability. [  20  ]  
Therefore, it is necessary to prevent the substrate effect 
during the annealing process. 

 In order to study the annealing effect of electrospun 
PMMA fi bers driven by the Rayleigh instability and to 
avoid the substrate effect, here we anneal PMMA fi bers 
dispersed in ethylene glycol. Ethylene glycol is a non-
solvent for PMMA and provides an environment for 
annealing the fi bers uniformly. The only interface that 
needs to be considered is between the polymer and 
ethylene glycol, and no substrate is involved in the 
annealing process. We fi nd that the electrospun poly mer 
fi bers undulate and transform into spheres upon 
annealing. This method for making polymer spheres is dif-
ferent from other traditional methods such as the repre-
cipitation method. [  21  ]  In addition, the sizes of the polymer 
spheres are in agreement with theoretical predictions. The 
kinetics of the transformation process is found to depend 
on the annealing conditions such as the annealing tem-
perature or the annealing time. For higher annealing 
temperatures, shorter times are necessary for trans-
forming the electrospun polymer fi bers into spheres. 

   2. Experimental Section 

  2.1. PMMA Fibers by Electrospinning 

 PMMA ( Mw : 75 kg mol  − 1 ) was obtained from Sigma Aldrich. DMF 
was obtained from Tedia. Ethylene glycol was purchased from 
Scharlab. In a typical electrospinning experiment, a PMMA solu-
tion (35 wt%) in DMF was added into a syringe connected to a 
capillary nozzle with an inner diameter of 0.41 mm. The capillary 
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nozzle was connected to a high-voltage power supply (SIMCO), 
with a voltage range of 10–30 kV. The working distance between 
the capillary nozzle and the grounded collector was 10–20 cm. 
A syringe pump (KD Scientifi c) was used to feed the polymer 
solution at a constant fl ow rate (1 mL h  − 1 ). The electrospinning 
process was performed at room temperature in a vertical spin-
ning confi guration. 

   2.2. Annealing Process of Electrospun PMMA Fibers 

 After the electrospun PMMA fi bers were collected, they were 
placed in a 10 mL round-bottom fl ask containing 4 mL of 
ethylene glycol which was preheated to a desired temperature. 
A magnetic stir bar was used to agitate the solution at a con-
stant speed of 200 rpm during the annealing process. After the 
samples were annealed for the desired periods of time (3 min to 
3 h), the samples were fi ltered and washed with deionized water, 
followed by a drying process using a vacuum pump. 

   2.3. Structural Characterization 

 The glass temperatures ( T  g ) of the polymers were measured by 
differential scanning calorimetry (DSC) using a SEIKO Instru-
ments EXSTAR 6000 DSC. The samples before and after thermal 
annealing were characterized using a JEOL JSM-7401F scanning 
electron microscope at an accelerating voltage of 10 kV. Before 
the scanning electron microscopy (SEM) measurement, the sam-
ples were coated with 4 nm of platinum. 

    3. Results and Discussion 

 Figure  1  shows a schematic illustration of the fabrication 
process of electrospun PMMA fi bers and PMMA micro-
spheres. The whole process includes two main steps. The 
fi rst step is to produce PMMA fi bers by electrospinning. The 
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     Figure  1 .     Schematic illustration of the fabrication process of elect
and PMMA microspheres. The PMMA fi bers are fi rst generated by
transform into microspheres after they are annealed in ethylene g
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second step is to thermally anneal the PMMA fi bers in eth-
ylene glycol. In the electrospinning process, a PMMA solu-
tion is pumped through a nozzle at which a high voltage is 
applied relative to a grounded collector. A droplet is held 
by its surface tension at the end of the nozzle that is sub-
jected to the electric fi eld. As the intensity of the electric 
fi eld is increased, the hemispherical shape of the droplet 
is destabilized by the accumulated charges on the droplet 
surface, and is elongated to form a conical shape known 
as the Taylor cone. [  22  ]  When the electric fi eld reaches a 
critical value at which the repulsive force attributable to 
the electric fi eld overcomes the surface tension force of the 
droplet, a charged jet of the solution is ejected from the tip 
of the Taylor cone. Upon fast evaporation of the solvent, 
the solution jet solidifi es and dried fi bers are deposited on 
the collector.  

 After the electrospinning process, the PMMA fi bers 
are annealed in a fl ask containing ethylene glycol which 
is preheated to a desired temperature. Ethylene glycol is 
chosen because it has a high boiling point (197.3  ° C) and 
is a non-solvent for PMMA. By dispersing the fi bers in eth-
ylene glycol, the fi bers are annealed uniformly and the 
aggregation of the fi bers is effectively prevented. During 
the annealing process, the aggregation of the fi bers is also 
prevented by stirring the mixture, a critical step in this 
study. Without stirring, the fi bers aggregate and form a 
bulk PMMA fi lm after the annealing process. We fi nd that 
the stirring speed has no appreciable effect on the trans-
formation process once the stirring speed is high enough 
to keep the fi bers well dispersed in ethylene glycol. For 
all experiments discussed here, the stirring speed is fi xed 
at 200 rpm. After the samples are annealed in ethylene 
glycol for different times, the samples are washed and fi l-
tered, followed by a drying process using a vacuum pump 
rospun PMMA fi bers 
 electrospinning and 
lycol.  
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before conducting the SEM analysis. 
 Electrospinning is a simple and ver-

satile technique to prepare polymer 
fi bers. The morphology and sizes of 
the as-spun fi bers are controlled by 
adjusting the experimental factors, 
such as poly mer concentration, molec-
ular weight, applied voltage, feeding 
rate, and working distance. [  23  ]  The SEM 
images of the PMMA ( Mw  : 75 kg mol  − 1 ) 
fi bers electrospun under different condi-
tions are shown in the Supporting Infor-
mation. One of the most common ways 
to control the sizes and morphology of 
the electrospun fi bers is to adjust the 
feeding rate of the polymer solution. [  24  ]  
In general, the fi ber diameters are 
observed to increase with the feeding 
rate, and the fi bers with smallest diam-
eters are obtained at the lowest feeding 
345heim
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     Figure  2 .     SEM images of electrospun PMMA fi bers annealed in ethylene glycol for 3 h at dif-
ferent temperatures: (a) room temperature, (b) 80, (c) 90, (d) 120, (e) 130, and) (f) 140  ° C.  
rate, in which the production rates are 
the lowest. Fridrich et al. showed that 
the charge density on the polymer jet is 
decreased exponentially by increasing 
the feeding rate, resulting in the weaker 
electrical force and larger diameters of 
fi bers. [  25  ]  When the feeding rate is too 
fast, beaded fi bers are also observed. 

 Another common way to control the 
diameters of the electrospun fi bers is 
by changing the concentration of the 
polymer solution. A stable polymer jet 
is not maintained if the polymer con-
centration is lower than a critical value, 
because of the lower viscosity. For the 
case of lower polymer concentrations, 
polymer liquid jets may break into 
droplets and polymer fi bers are unable 
to form. [  26  ]  Beads-on-string structures 
are also observed caused by the contrac-
tion of the jet and the entanglement of 

polymer chains at lower polymer concentrations. [  27  ]  It has 
been reported that the size of the beads and the distance 
between beads increases with the viscosity of the solu-
tion. [  27  ]  The beaded defects disappear as the polymer con-
centration is higher than a critical value. In general, the 
diameter of the electrospun polymer fi ber increases as the 
polymer concentration increases. But the polymer solution 
might be diffi cult to be ejected from the capillary nozzle 
when the polymer concentration is too high because of 
the increased viscosity. In addition to the poly mer con-
centration, the solution viscosity is also affected by the 
molecular weight of the polymers. [  28  ]  

 The diameters and morphology of the polymer fi bers 
can be controlled by other electrospinning conditions 
such as the applied voltage. With a higher applied voltage, 
the electric fi eld is stronger, resulting in electrospun fi bers 
with smaller diameters. [  29  ]  The morphology of the electro-
spun fi bers is also strongly infl uenced by the dielectric 
constant of the solvent. A polymer solution with a high 
dielectric constant can prevent the bead formation and 
reduce the diameters of the fi bers. [  28  ]  Here we use DMF 
as the solvent for making the PMMA solution. DMF has a 
high dielectric constant (  ε    =  36.7) and is commonly used 
as solvent for electrospinning PMMA fi bers. 

 For the annealing studies, we used the polymer fi bers 
fabricated by the same electrospinning conditions. The 
PMMA fi bers are electrospun at the applied voltage of 
10 kV with a working distance of 20 cm from 35% PMMA 
( Mw  : 75 kg mol  − 1 ) solution in DMF at a feeding rate of 
1 mL h  − 1 . We choose electrospun fi bers under these condi-
tions because of their suitable sizes and stable fi ber struc-
tures. The average diameter of the PMMA fi bers electro-
spun under these conditions is  ∼ 2.39  μ m with a standard 
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deviation of 0.45  μ m. The size distribution of the as-spun 
PMMA fi bers is shown in the Supporting Information. 

 The electrospun PMMA fi bers are annealed in ethylene 
glycol for different periods of time at different tempera-
tures to investigate the kinetics of the structure transfor-
mation resulting from the Rayleigh instability. Figure  2  
shows the results of electrospun PMMA fi bers annealed 
in ethylene glycol at different temperatures for 3 h. The 
fi ber structures are retained when the polymer fi bers 
are annealed at room temperature, as shown in Figure 
 2 a. If the fi bers are annealed at higher temperatures but 
below the glass transition of PMMA ( T  g  of PMMA: 106  ° C, 
measured by DSC), the fi bril morphology is still observed. 
Although there have been many reports on the interface 
and surface effects on the glass transition temperatures 
in polymer thin fi lms, [  30,31  ]  here we only consider the  T  g  
of the bulk polymer, because the polymer fi bers are not 
deposited on a substrate and the sizes of the fi bers are in 
the micrometer range. When the samples are annealed 
at temperatures higher than the  T  g  of the polymers, 
transformation from fi bers to microspheres is observed. 
Figure  2 d–f show the microspheres annealed for 3 h at 
120, 130, and 140  ° C, respectively.  

 To understand more about the transformation process 
of the fi bers into microspheres, we study the electrospun 
fi bers annealed at the same temperature for different 
periods of time. When the electrospun PMMA fi bers are 
annealed at 120  ° C, the fi ber shapes are retained at a 
shorter annealing time (0–15 min). At a longer annealing 
time (45 min), an intermediate state is observed (see 
Figure S3, Supporting Information). When the fi bers are 
annealed for 3 h, all fi bers are transformed into micro-
spheres. At higher annealing temperatures, the structural 
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transformation is found to occur more rapidly because 
of the lower melt viscosity, where PMMA fi bers 
were annealed at 140  ° C for different periods of time 
(see Figure S4, Supporting Information). When the Rayleigh 
instability is applied to viscoelastic materials, the viscosity 
resists the breakup of the fl uid jet and the characteristic 
time for the fastest growing mode of the jet breakup is

 τm = ηR0/σ   (2)   

where   τ   m  is the characteristic time,   η   is the viscosity,  R  0  
is the original radius, and   σ   is the surface tension of the 
interface. [  32  ]  Thus,   τ   m  is proportional to the viscosity of the 
fl uid and should decrease with increasing the annealing 
temperature, as we observe here. 

 To do a more quantitative study on the transforma-
tion process from electrospun fi bers to microspheres, the 
sizes of the as-spun fi bers are compared to the sizes of the 
microspheres. The sizes and morphology of the polymer 
structures annealed at different temperatures are summa-
rized in Figure  3 a. The average size of the as-spun PMMA 
fi bers is 2.39  μ m with a standard deviation of 0.45  μ m. 
From the calculation by Nichols and Mullins based on the 
surface diffusion mechanism, the perturbations with   λ   m  
 =  8.89 R  0  have the maximum growth rate. [  13  ]  As the ampli-
tudes of these perturbations increase, the solid cylinder 
breaks up into spheres with an estimated spacing of   λ   m  and 
a diameter  d   =  3.78 R  0 . By using 2.39  μ m as 2 R  0 , the calculated 
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     Figure  3 .     (a) A summary table of the polymer samples annealed at
annealing temperature. The error bars represent the standard deviat
size at 4.52  μ m predicted by the theoretical model. (c) Graphical illus
tures, and polymer microspheres.  
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diameter of the microspheres is 4.52  μ m. Figure  3 b 
shows a plot of the average diameters of the microspheres 
versus the annealing temperatures. Compared with the cal-
culated value ( d   =  4.52  μ m), which is indicated by the dashed 
line in Figure  3 b, the average sizes of the microspheres 
agree well with the theoretical calculations. Although 
the size distributions of microspheres annealed at dif-
ferent temperatures have some deviations (see Figure S5, 
Supporting Information), the average diameters are 
between 3.98 and 5.49  μ m, close to the calculated size. We 
conclude that the average diameters of microspheres are 
independent of the annealing temperatures, indicating 
that the polymer fi bers undergo the same transformation 
pathways even at different annealing temperatures. The 
difference in the size distributions of the microspheres 
annealed at different temperatures might be caused by 
three factors: 1) the different size distributions of the 
as-spun fi bers; 2) the different numbers of the counted 
samples at different annealing temperatures; and 3) the 
possibility that two or more microspheres might touch 
and merge together during the annealing process.  

 The graphical illustrations and SEM images of polymer 
fi bers, undulated polymer structures, and polymer micro-
spheres are shown in Figure  3 c. The transformation and 
fragmentation processes are induced by the Rayleigh 
instability. The surface of the fi ber undulates to decrease 
the interfacial energy between the polymer and ethylene 
347

 different temperatures. (b) A plot of the microsphere size versus the 
ion. The dashed line indicates the calculated value of the microsphere 
trations and SEM images of polymer fi bers, undulated polymer struc-
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     Figure  4 .     The schematic phase diagram of the polymer structures annealed in ethylene 
glycol at different temperatures for different times. The closed circles indicate that the 
fi ber morphologies are retained, while the closed boxes indicate that the spherical mor-
phologies are obtained.  
glycol. As the amplitude of the undula-
tion increases, the solid cylinder breaks 
up into a line of spheres. The SEM 
image for the undulated state is also 
shown in Figure  3 c, which is obtained 
by annealing the sample at 130  ° C for 
30 min. We notice that the undulated 
structures are only present for a narrow 
range of annealing conditions, indi-
cating that the fi ber soon transforms 
into spheres once the undulation starts. 
After the transformation, the polymer 
sphere is at a stable state with the min-
imum interfacial energy between the 
polymer and ethylene glycol, unless a 
sphere touches with other spheres. 

 Strictly speaking, the calculation 
of the theoretical size of the polymer 
microspheres driven by the Rayleigh 
instability is based on the assump-
tion that the total volumes of the poly-
mers are conserved before and after 
the annealing processes. To test this 
assumption, fi rst we consider the Hilde-

brand solubility parameters (  δ  ) of PMMA 

and ethylene glycol. The Hildebrand solubility parameter 
is defi ned as the square root of the cohesive energy den-
sity and is a good indicator for solvation and swelling. [  33  ]  
Polymers are dissolved in solvents with similar values 
of solubility parameters. The solubility parameter of 
PMMA is 9.3 cal 1/2  cm  − 3/2 , which is considerably different 
from the solubility parameter of ethylene glycol (  δ    =  
16.3 cal 1/2  cm  − 3/2 ). Consequently, PMMA is not soluble in 
ethylene glycol and the total volume of the PMMA fi bers 
is not affected during the annealing process. Another 
possible factor to consider for the volume change of the 
polymer fi ber during the annealing process is the struc-
ture change induced by the chain recoiling. Pastor et al. 
reported the low shrinkage of poly(ethy1ene terephtha-
late) (PET) fi bers during free-ends thermal annealing. [  34  ]  
They reported that the conformation transition from trans 
to gauche causes chain coiling and loss of orientation of 
the chains of the PET fi bers. In our study, the chain coiling 
process might also happen in the electrospun PMMA 
fi bers during the thermal annealing process, resulting in 
the slight reduction of the total volume. But the volume 
change is expected to be ignored by comparing the small 
volume change with the total volume. 

 Putting all the results together, we obtain a phase 
diagram of the polymer structures annealed in ethylene 
glycol at different temperatures for different times. In 
Figure  4 , the closed circles indicate that the fi ber morphol-
ogies are retained, while the closed boxes indicate that the 
spherical morphologies are obtained. At higher annealing 
Macromol. Rapid Comm
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temperatures, shorter times are required to transform 
the PMMA fi bers into microspheres, which is predicted 
by  E  quation (2)  which states a polymer melt with a lower 
viscosity has a shorter characteristic time. The transition 
is also indicated by the dashed line in Figure  4 .  

   4. Conclusion 

 In conclusion, we report the thermal annealing effect of 
electrospun PMMA fi bers and their transformation into 
microspheres. The substrate effect is avoided by dispersing 
the fi bers in ethylene glycol, a non-solvent for the polymer. 
In the annealing process, stirring is found to be critical 
to prevent aggregation of the fi bers. Upon annealing, the 
surfaces of the PMMA fi bers undulate and transform into 
microspheres driven by the Rayleigh instability. The sizes 
of the microspheres fi t well with the theoretical predic-
tions. The annealing times required for the transformation 
are shorter at higher temperatures, at which the viscosity 
of the polymer melt is lower. A simple phase diagram is 
also constructed for the fi bers annealed at different tem-
peratures and holding times. 

 Studies are currently being pursued to apply the trans-
formation process of polymer fi bers to other materials, 
such as electrospun titania or silica fi bers. Possible future 
works also include the instability studies of poly mer 
fi bers composed of polymer blends or block copoly-
mers. The phase separation behavior of multicomponent 
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polymers is expected to affect the kinetics of the instability 
phenomena, and interesting morphologies which have not 
been observed in the bulk state might also be shown. 
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 Supporting Information is available from the Wiley Online 
Library or from the author. 
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