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Role of Elasticity in Control of Diameter of Electrospun PAN Nanofibers 
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Abstract: A series of poly(acrylonitrile-co-methylacrylate) copolymers (PAN) with varying molecular weight were
synthesized by radical copolymerization using α-α'-azobisisobutyronitrile (AIBN) as initiator. These copolymers were
dissolved at different concentrations in DMF and electrospun at Minimum electrospinning voltage (MEV) to correlate
electrical energy required to perform the mechanical work during the spinning of the fibers. The diameters of the resultant
fibers were correlated with the Berry number and average number of entanglements per chain of the spinning solution. It was
observed that number of entanglements per chain, which represents the capacity of the polymer system to store elastic energy,
could correlate well with the ultimate diameter of the fiber. Interestingly, the diameters of the nanofibers were found to
increase linearly with increase in number of entanglements per chain with two distinct regions having transition of the slope
at number of entanglement value of 3.5. 
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Introduction

Electrospinning is a fiber forming process, which utilizes a

high voltage electric field to produce an electrically charged

jet of polymer fluid. An electrode charges the polymer fluid

droplet; which ejects into a fine fluid jet when the repulsive

forces induced by the electrostatic charge overcome the

cohesive and surface tension forces of the polymer fluid.

The jet elongates as it accelerates under the electric field.

During its travel from the jet electrode, it solidifies and

produces a nanofiber, which is deposited in a form of a web

on the grounded or oppositely charged collecting counter

electrode placed at a distance.

The electrostatic forces that act on the fluid jet tend to

break it into fine droplets; however the macromolecular

entanglements prevent the breakdown of the same. The

effect of molecular weight of the polymer has been studied

by Koski et al. [1]. Polyvinyl alcohol of varying molecular

weight from 9000 to 186000 was dissolved in water at

different concentrations and electrospun. From the concentration

of polymer, the Berry number, ‘B=[η] C’, was calculated

(where [η] is the intrinsic viscosity and C is the concentration).

Correlations for fiber formation were drawn with Berry

Number ‘B’. Bead free fibers were formed at B>5. Although

they calculated relaxation time from [η] values and reported

flat and round fiber formation, the diameters of the nanofibers

were not considered. In another study, effect of molecular

weight and concentration on electrospinning of polystyrene

has been reported [2]. The jet paths were photographed and

analyzed. However, the diameters of the nanofibers were not

reported. The effect of molecular weight on electrospinning

of Nylon of molecular weights 30,000, 50,000 and 63,000

was studied by Ojha et al. [3] at 10 % and 15 % concen-

tration. The solution entanglement number and relaxation

time was estimated, however, correlation was not drawn

between the diameter and molecular weight. Shenoy et al.

[4] pointed out the importance of solution entanglement

number, ne, in electrospinning. Working with different polymer

systems of polystyrene-tetrahydrofuran, polyethyleneoxide-

water, polylactic acid-DMF, polylactic acid-dichloromethane,

polyvinylpyrrolidone-ethanol it was found that stable fiber

formation took place at 2.5 entanglements per chain and the

fiber formation improved with increasing ne. However,

again, quantitative relations were not drawn with diameter of

the nanofiber. In a study by Gupta et al. [5], the effect of

molecular weight and concentration were investigated

using seven linear homopolymers of polymethylmethacrylate.

By dynamic light scattering the critical chain overlap

concentration, c*, was determined. Bead free fiber formation

was reported for c/c* values >6 for narrow molecular weight

distribution polymers. Although, correlations were drawn

between fiber diameter with normalised concentration, c/c*

and zero shear rate viscosity, the spread in data was significantly

large covering variation in fiber diameter of about one order

of magnitude for the same c/c* or viscosity value. A similar

study was reported by Mckee et al. [6] for electrospinning of

linear and branched polyesters. In another work, Tao and

Shivkumar [7] reported the effect of concentration and

molecular weight of polyvinyl alcohol on electrospinning.

They have considered optimum entanglement for beaded

fiber, ribbon fiber and bead free fibers. Though the diameter

shows good correlation with concentration for a given

molecular weight, the correlation with Berry number has

shown a large spread in data. Effect of various parameters on

diameter of PAN nanofibers using PAN-DMF system has

been studied by Wang et al. [8]. They have shown power

law dependence of diameter on concentration of polymer

with three different molecular weights. They have reported

change in exponent values with both change in concentration

and molecular weight.*Corresponding author: manjeetjassal@gmail.com
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From the above studies, it may be inferred that diameter of

nanofibers is poorly correlated with the solution viscosity,

which in turn has been shown to be related to concentration

and molecular weight. Therefore, there is a need to further

investigate the solution properties that are responsible for

control of final diameter of the electrospun fibres.

Copolymers of acrylonitrile (PAN) are excellent fiber and

film forming polymers, which are extensively used for

membranes and textile applications. PAN are usually converted

from their solutions such as in DMF to fibers using dry

spinning process which closely resembles the electrospinning

process. Therefore, PAN-DMF system become a natural

choice in studying electrospinning process. 

Our group has recently reported the concept of Minimum

electrospinning voltage, which is defined as the minimum

voltage where maximum conversion of polymer solution

takes place into nanofibers for a given set of parameters. When

electrospinning is carried out at MEV, the rate of surface

formation is found to be proportional to the square of this

voltage [9]. A systematic study of the various parameters

indicated that diameter of the nanofibers is solely dependent

on the solution properties [9,10]. It was also found that a

strong relationship exists between the diameter of the fibers

and the number of entanglements per chain. It was also

found that when number of entanglement per chain was ≥1,

polymer solution could be completely (i.e. 100 % conversion)

converted into good quality nanofibers. However, the study was

conducted using a single molecular weight at various

concentrations. 

This study investigates the effect of number of entanglements

per chain, by varying both the polymer molecular weight

and concentration over a wide range, on the diameter of

electrospun nanofibers. Further an attmept has been made to

correlate the diameter of electrospun fiber with both the

Berry number and number of entanglements and compare

their relative significance in influencing the diameter of the

electrospun nanofibers.

Experimental

Materials

Laboratory Reagent grade acrylonitrile (AN), methylacrylate

(MA) and α-α'-azobisisobutyronitrile (AIBN) and N,N-

dimethylformamide (DMF) were procured from Merck

Chemicals, India. All reagents were used as procured. A

commercial copolymer of acrylonitrile (PAN) with Mw of

75,000 was procured from Pasupati Acrylon Ltd., India.

Polymerization

Copolymers of AN were synthesized to resemble the

composition of commercially procured PAN. Radical copo-

lymerization of AN and MA (in the ratio 94:6 mol%) was

carried out in a laboratory reactor at 55 oC under nitrogen

atmosphere using a mixture of DMF and deionised water

(40:60 wt ratio) as reaction medium. Monomer concentration in

the feed was 8.7 weight % AIBN was used an initiator,

which was varied from 0.8 wt% (X) to 32 wt% (40X) (on

weight of monomer) to obtain a series of copolymers of

different molecular weights (coded as PANX to PAN40X).

The reaction was carried out for three hours and was

quenched in excess water. The precipitate was separated by

filtration, washed repeatedly with water, and finally with

acetone. The residue was then dried under vacuum at <100 oC

till constant weight was obtained.

Characterization of Polymer Properties 

Intrinsic viscosity of the copolymers in DMF were measured

using Ubbelohde viscometer at a constant temperature of

25±0.1 oC. The molecular weight was calculated using Mark

Howinks equation (1) [11]:

[η] = 2.525 × 10−4M0.75 (1)

The molecular weight distribution was determined by Gel

Permeation Chromatography (GPC) (Viscotek, UK) in DMF.

Electrospinning

The synthesised copolymers and the commercial copolymer

were dried and dissolved in DMF to obtain homogeneous

spinning dope of concentrations in the range of 5-40 % (w/w).

The electrospinning was carried out at 25 oC and 50 % RH

using an infusion syringe pump KDS 100 from KD Scientific,

USA with a needle (internal diameter=0.6 mm) as the

spinning head, which was connected to the positive end of a

40 kV dual polarity high voltage power supply, Model:

DES40PN from Gamma HV. A circular steel plate of

diameter 30 cm and thickness 1 mm was used as collector,

which was connected to the negative polarity of the high

voltage supply. A flow rate of 0.5 ml/h and the needle to

collector distance of 20 cm were used for all experiments.

The diameter of the nanofibers was measured using

nanoweb samples collected for two minutes under fixed

experimental conditions. The nano webs were dried under

vacuum for 2 hours and coated with silver before taken for

observation under scanning electron microscopy (SEM),

Model: Quanta 200F from FEI and Steroscan 360 from

Cambridge Instruments UK. The SEM micrographs were

then analysed for diameter using software Image J from

Research Service Branch, National Institute of Health, USA.

Fifty fibers were randomly chosen from each quadrant of the

SEM image and their diameters were determined. The mean

and standard deviation of the 200 readings were calculated

for each sample.

Estimation of Rate of Surface Area Formation

The surface area of undried fibers formed per unit time

was derived from the measured mean diameter of the dried

nanofibers from the SEM images. The surface formation

rate S of the undried fibers was calculated using the
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following equation [9]:

(2)

Where X is the feed rate of the polymer solution in ml/h, c

is the polymer concentration; d is the mean fiber diameter

after drying.

Entanglement Number 

The entanglement number in solution (ne)soln is related to

the molecular weight (Mw), the polymer volume fraction

(Φp) and the entanglement average molecular weight (Me) [4]:

(3)

Average number of entanglements per chain = (ne)soln− 1

(4)

Results and Discussion

The molecular weights of various copolymers are tabulated

in Table 1. From the table it can be seen that the molecular

weight of PAN could be gradually decreased from 1.6×105

g/mol to 3.5×104 g/mol by gradually increasing the amount

of initiator from 1.6 wt% (for PAN2X) to 32 wt% (for PAN40X).

There was a reasonable agreement in the molecular weight

values obtained from intrinsic viscosity and GPC. Even with

use of a wide variation in the initiator concentration, the

polymer samples could be obtained with a narrow polydispersity.

The polydispersity index of the samples, measured using

GPC, was found to range between 1.6 to 1.9. The number of

entanglements per chain were calculated using Mv values.

The homogeneous solution of copolymers could be easily

obtained in DMF and were used for electrospinning. The

range of concentrations used for each molecular weight

depended on the spinnability of the solutions for a particular

molecular weight. The lowest spinnable concentration was

determined, where continuous nanofiber formation took

place without the formation of droplets. Highest spinnable

concentration for a given molecular weight was limited by

the viscosity of the solution. At higher concentrations, the

viscosity increased to an extent where the solution could not

be pushed through the needle type spinneret at the predetermined

rate of 0.5 ml/h. Hence these solutions were not taken for

electrospinning experiments. Hence only the region over which

fiber formation was possible was considered for electrospinning

experiments. For PAN2X, which had the highest molecular

weight, could be electrospun in the concentration range of 5

to 10 wt%, while PAN40X, which has the lowest molecular

weight, could be electrospun in the concentration range of

16 to 38 wt%. 

The effect of concentration on electrospun nanofiber diameter

was studied for different molecular weight polymers. The

electrospun nanofibers were observed under SEM to estimate

their diameters. Figure 1 shows the SEM images of nanofibers

of PAN2X at concentration of 5 to 10 wt%. It can be observed

that the fibers become progressively coarser with increase in

concentration. Similar observations could be seen with other

polymers with lower molecular weight. Figure 2 shows the

plot of the measured diameter of the nanofibers against the

concentration. It can be observed from the graph that the

diameter of the nanofibers showed an increase with increase

in concentration. The diameter of PAN2X increased from

151 to 535 nm on increasing the concentration from 5 to

10 wt%. For PAN10X, the diameter increased from 106 to

380 nm on increasing the concentration from 10 to 15.75 wt%.

Similar changes in diameters were obtained for PAN15X

and commercial PAN samples as these have nearly same

molecular weights to that of PAN10X. Since PAN20X and

PAN40X could be electrospun at much higher concentrations,

the diameters for PAN20X increased from 301 to 1009 nm

with increase in concentration from 17 to 24.5 wt% and for

S
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Table 1. Average molecular weight and PDI of  PAN copolymers

Copolymer
[η]

(g/dl)

M
v

(g/mol)
PDI

Commercial 1.138 7.4×104 -

PAN2X 2.005 1.6×105 1.6

PAN10X 1.178 7.8×104 1.8

PAN15X 1.126 7.3×104 1.6

PAN20X 0.966 6.0×104 1.70

PAN40X 0.625 3.5×104 1.9
Figure 1. SEM images of electrospun nanofibers of PAN2X at

varying concentrations (5 to 10 wt %).
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PAN40X from 65 to 1251 nm with increase in concentration

from 16 to 38 wt%.

Another observation that can be made from Figure 2 is

that at a given concentration, the diameter of the nanofiber

increased with increase in molecular weight. For 10 wt%

concentration, PAN10X and commercial PAN showed diameters

of 106 and 135 nm respectively, while PAN2X with higher

molecular weight had an average diameter of 535 nm at the

same concentration. 

An interesting observation that can be made in Figure 2 is

that the slope of fiber diameter against concentration increases

with increase in molecular weight. For example, for high

molecular weight PAN2X, an increase in concentration by

mere 1 % resulted in marked increase in diameter of the

nanofibers, whereas for low molecular weight PAN40X, an

increase in concentration from 16 to 21 wt% resulted in a

small increase in diameter.

As stated earlier, the Minimum Electrospinning Voltage,

MEV, is minimum voltage at which polymer solution can be

fully converted to nanofibers. Below this voltage, only a part

of the polymer solution is able to convert into fibers because

of insufficient charge available on the polymer jet. On the

other hand, an increase in the voltage above MEV does not

offer any additional benefit to the electrospinning process.

At MEV, the power required for electrospinning is sufficient

for a given polymer solution at the given set of electrospinning

parameters. MEV is expected to change with polymer solution

properties as well as electrospinning parameters such as flow

rate and distance.

MEV for the different molecular weight PAN at the respective

electrospinning concentrations were recorded using a charged

needle and a grounded collector. The plot of MEV against

the concentration for different molecular weight PAN is

shown in Figure 3. From the figure it can be seen that the

MEV showed a decrease with increase in concentration for

all molecular weights. The MEV of PAN2X decreased from

13.4 to 8.4 kV on increasing concentration from 5 to 10 wt%.

Similarly for PAN10X there was a decrease of MEV from

19 to 10 kV on increasing its concentration from 10 % to

15.75 wt%. For PAN40X, the MEV decreased from 26.6 to

7.6 kV on increasing the concentration from 16 to 38 wt%.

The commercial PAN showed a similar decrease in MEV

from 20.7 kV for 7.9 wt% to 7 kV for 21 wt% concentration.

Similar results were observed with other molecular weights

of PAN. 

In our earlier study, we had shown that when electrospinning

is carried out at MEV, the square of MEV is proportional to

the rate of surface formation. This was attributed to the fact

that MEV provides just sufficient power necessary to extend

the polymer solution to the maximum possible extent, as

determined by the splitability/ drawability of the polymer

solution [9,10]. 

MEV2 = (ηC)−1 · FT S (5)

Where η is efficiency of conversion of electrical power to

mechanical work, C is the inverse of resistance of the

system, FT is the total cohesive force of the polymer solution

per unit length.

The above relation was found to be true for a polymer-

solvent system of a given molecular weight when electrospun at

different concentrations and different spinning parameters.

In order to determine the validity of the above relationship

for polymers of different molecular weights, the MEV of all

the copolymers were measured as per the method discussed

earlier [9] for varying concentrations. The surface formation

rate for the copolymers were estimated from the average

diameter of the fibers and the flow rate. Figure 4 shows the

plot of the square of MEV versus surface formation rate for

the different molecular weight PANs electrospun at different

concentrations. The MEV2 was found to be proportional to

surface formation rate for all the copolymers. . Interestingly,

even the slopes of the trend lines were found to be similar for

copolymers of different molecular weights. PAN2X showed

a slope of 1.36, PAN10X 1.34, PAN15X 1.35, PAN20X

Figure 2. Plot of the estimated mean diameter of the nanofibers

against the concentration of PAN for different molecular weights

(Max. CV% of diameter values is 31.7%, Average CV% was

19.7%.

Figure 3. Plot of MEV against the concentration of PAN for

different molecular weights.
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1.39, PAN40X 1.39 and commercial PAN had a value of

1.41. 

The similar slopes of MEV2 values versus surface

formation rate indicate that irrespective of the molecular

weight and concentration of the copolymers, the behaviour

of electrospinning remains same for a given polymer-solvent

system. 

From the above results, it may be noted that MEV2 is

lower for the nanofibers electrospun at higher concentration.

Also, MEV2 is lower for the nanofibers electrsopun from the

copolymers of higher molecular weight. In both the cases the

ultimate diameter obtained was higher. In our earlier studies,

we have shown that the diameter of the nanofibers does not

change even on applying higher voltage than MEV. The

higher diameter at higher concentration or molecular weight,

indicates that the polymer solution was not able to draw or

split into finer fibers due to inherent resistance of the

spinning solution. Therefore, the energy utilized by the

system to create new surface is lower for the copolymer

solution of higher concentration or higher molecular weight. 

Control of Diameter in Electrospinning

From the above results it is clear that the solution properties

play a major role in controlling the diameter and the energy

required to electrospun a polymer. Diameter of a spinning

fiber is a result of balance of external forces and the internal

resistance to draw. The inherent resistance offered by spinning

polymer solution is in the form of resistance to flow or in the

form of its capacity to store elastic energy. As mentioned

earlier, several studies have attempted to attribute the change

in diameter to change in viscosity of the solution, which has

yielded a poor correlation. 

In our opinion, it is the elasticity of the system, which

prevents a polymer from extending infinitely under an

applied force. A purely viscous polymer would continue to

draw till it thins and breaks under a constant force. On the

other hand, elasticity of the system tends to stabilize the

extension of the polymer solution by storing energy by

forming a polymer network.

The capacity of a polymer solution to form a polymer

network under extension may be judged by Berry number or

the number of entanglements per chain in the solution. A

few authors have suggested the use of Berry number [1,5,7]

for correlation. We have compared the correlations of the

nanofiber diameter with both the Berry number and number

of chain entanglements of polymer solutions taken for

electrospinning.

The justification for trying to correlate solution properties

with final diameter is based on the following: (a) in PAN-

DMF model system, the low evaporation rate (saturated

vapour pressure of DMF at 25 oC is 0.49 kPa) of the solvent

allows for complete stretching of the polymer chains by

electrostatic force before significant evaporation of the

solvent has taken place to alter the properties of extruded

solution inside the spinning zone. In our earlier experiments

[10], we have found that final diameter of the electrospun

fibers could be obtained within 5 cm of electrospinning

distance from the needle; (b) In case the evaporation occurs

to a significant extent, the extruded polymer solution properties

inside spinning zone would vary in relation to the original

properties of the solutions taken, and would therefore,

correlate with the original concentration and molecular

weight of the original polymer solution.

(a) Berry Number and Nanofiber Diameter

Figure 5 shows the plot of nanofiber diameter against

Berry number, which is the product of [η]c. From our

experiments, it was observed that the electrospinning of

polymer solution below Berry number of 10 yielded droplets

or fibers with droplets, therefore this region was not

included in the study. For other cases, it can be seen that the

nanofiber diameter increased with increase in Berry number

from 65 nm to 1313 nm when the berry number increased

from 9.78 to 23.6. The data can be fitted using a set of

straight lines with different slopes in two different regions.

Figure 4. Plot of MEV2 against surface formation rate for PAN

electrospun samples.

Figure 5. Plot of nanofiber diameter against Berry number (Max.

CV% of diameter values: 31.7%, Average CV% of diameter:

19.7%).
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When the berry number is between ~10 and ~20 there is a

linear increase in diameter with increase in Berry number

with a slope of 32.6. The diameter, d, may be related to the

Berry Number, B as:

d = 32.6B − (214) (6)

However, beyond Berry number of ~20, the slope

increases to 176 giving the relationship of diameter to Berry

number as:

d = 176B − (3036) (7)

The above slopelines could be fitted with correlation

coefficients of 0.891 and 0.856 (R2 value), respectively. The

change in slope may be attributed to the change in solution

regime from semi dilute to concentrated.

Though the above data correlates well with Berry number,

there is still a significant spread of about 100-150 nm in the

diameter of the nanofibers at any given Berry number. This

value of spread is more than the coefficient of variation for

the electrospun samples.

(b) Chain entanglement number and Nanofiber diameter

From the molecular weight and concentration of the

polymers, the number of entanglements per chain for each

solution was calculated as per equations (3) and (4). Figure 6

shows the effect of number of entanglements per chain on

the diameter of the nanofibers for the different molecular

weight copolymers at varying concentrations. It can be seen

from the plot that the diameter increases with the number of

entanglements per chain for all the polymers. Again, similar

to the Berry number plot, a set of straight trend lines could

be drawn to fit all the data points on the curve in two

separate regions with a slope of 150 between 1 and 3.5 and

872 beyond 3.5. The slope of the curve suddenly increases

beyond 3.5. The region beyond 3.5 may correspond to the

onset of formation of network type elastic structure in the

solution, which appears to make the polymer exhibit

significantly higher tendency to store elastic energy. 

Interestingly, the diameter of nanofibers shows a better

correlation or lower degree of spread with number of

entanglements per chain compared to Berry number. The

correlation coefficient (R2) for the first trendline improved

from 0.891 for Berry number plot to 0.974 for the number of

entanglements plot. Similarly, for the second trendline, the

correlation coefficient improved from 0.856 to 0.879. The

smaller increase in correlation coefficient for the second

trendline may be due to the lower number of experimental

data points in this region. The improvement in correlation

may be attributed to the fact that Berry number is a better

representation of resistance of a polymer solution to flow

compared to its capacity to store elastic energy, which is due

to the formation of entanglement network between chains.

For example, a highly concentrated solution of very low

molecular weight polymer may result in a reasonable Berry

number exhibiting high viscosity, however, in such a solution,

polymer chains may not be able to form entanglements due

to their short length. Again, the entanglements may not get

formed between the two molecular chains in polymer solutions

of very high molecular weight at very low concentrations.

On the other hand, the calculations take into account the

minimum molecular weight of a polymer (Me) that is necessary

to form the first entanglement while estimating the number

of entanglements per chain for a polymer solution. Therefore,

the elasticity of a system may be better represented by the

number of entanglements per chain, which in turn is based

on both the molecular weight and the concentration of the

polymer in solution. 

Another important result is the critical number of entanglement

per chain at which fiber formation may take place without

any defects or droplet formation. Shenoi et al. [4] reported

that the solution entanglement number for fiber formation

was 3.5. However, we could observe defect free fiber

formation at lower solution entanglement number of ~2.0.

This implies that even at one entanglement per chain, proper

fiber formation can take place in electrospinning.

Conclusion

Copolymers of AN and MA of different molecular weights

were synthesized by radical polymerization by varying the

initiator concentration. The copolymer with molecular weights

in the range of 3.5×104 to 1.6×105 g/mol were obtained with

a narrow PDI of 1.6-1.9. These copolymers were dissolved

in DMF at different concentrations and electrospun at

minimum electrospinning voltage (MEV) to obtain bead free

nanofibers. The diameter of the nanofibers was found to

increase with increase of concentration as well as the

molecular weight of the copolymers. The MEV2, which is a

measure of electrical power required to convert the polymer

solution into nanofibers, was found to relate proportionally

with the rate of surface formation, which is the measure of

Figure 6. Plot of diameter of nanofibers against average number

of entanglements per chain in polymer solutions (Max. CV% of

diameter values: 31.7%, Average CV%: 19.7%).



956 Fibers and Polymers 2013, Vol.14, No.6 Sandip Basu et al.

mechanical work carried out by the system. Since higher

diameter was obtained for solutions with higher concentration

or higher molecular weight, the MEV (and hence the MEV2,

which is electrical power required) was found to decrease

with the increase in these parameters.

The ultimate diameter of the nanofibers was correlated

with Berry number and the average number of entanglements

per chain in the polymer solution. In both cases, the slope of

trendline was observed to increase beyond a critical point,

which is Berry number of ~20 and the number of entangle-

ments per chain of ~3.5. However, it was found that the

coefficient of correlation (represented as R2) for diameter

with average number of entanglements per chain was

significantly higher than that of diameter with Berry number.

The capacity of a polymer solution to form a polymer

network and store energy under extension may be better

judged by the number of entanglements per chain in the

solution. The higher elasticity of the system is likely to play

a significant role in preventing the polymer solution from

thinning down to a lower diameter. Therefore, the elasticity

of a polymer solution may be used to predict and control the

diameter of electrospun nanofibers. 
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