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Abstract: 
 
 The implications of chain topology and intermolecular interactions on the electrospinning 

process were investigated for linear and randomly branched polymers.  Empirical correlations 

were developed based on solution rheological measurements that predict the onset of electrospun 

fiber formation and average fiber diameter.  In particular, for neutral, non-associating polymer 

solutions, the minimum concentration required for fiber formation was the entanglement 

concentration (Ce), and uniform, bead-free fibers were formed at 2 to 2.5 Ce.  This was attributed 

to entanglement couplings stabilizing the electrospinning jet and preventing the Raleigh 

instability.  Moreover, the influence of molar mass and degree of branching on electrospun fiber 

diameter was eliminated when the polymer concentration was normalized with Ce, and the fiber 

diameter universally scaled with C/Ce to the 2.7 power. 

 Polymers modified with quadruple hydrogen bonding groups were investigated to 

determine the role of intermolecular interactions on the solution rheological behavior and the 

electrospinning process.  In nonpolar solvents, the hydrogen bonding functionalized polymers 

displayed significant deviation from the electrospinning behavior for neutral solutions due to the 

strong intermolecular associations of the multiple hydrogen bonding groups.  The predicted 

electrospinning behavior was recovered when the hydrogen bonding interactions were screened 

with a polar solvent.  Moreover, it was observed that branching and multiple hydrogen bonding 

afforded significant processing advantages compared to functionalized, linear analogs of equal 

molar mass.  For example, branched chains in the unassociated state possessed a larger Ce 

compared to the linear chains, which indicated a lower entanglement density of the former.  
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However, in the associated state the linear and branched chains possessed nearly equivalent Ce 

values, suggesting a similar entanglement density.  Thus, the branched polymers displayed 

significantly lower viscosities in the unassociated state compared to linear polymers, while still 

retaining sufficient entanglements in the associated state due to the reversible network structure 

of the multiple hydrogen bond sites. 

The solution rheological and processing behavior of polyelectrolyte solutions was also 

investigated to discern the role of electrostatic interactions on electrospun fiber formation.  In 

particular, the polyelectrolyte solutions formed nano-scale electrospun fibers with an average 

fiber diameter 2 to 3 orders of magnitude smaller than neutral polymer solutions of equivalent 

viscosity and C/Ce.  This was attributed to the very high electrical conductivity of the 

polyelectrolyte solutions, which imparted a high degree of charge repulsion in the 

electrospinning jet and increased the extent of plastic stretching in the polymer filament.  In fact, 

the average diameter of the polyelectrolyte fibers under certain conditions was less than 100 nm, 

which makes them good candidates for protective clothing applications due to their high specific 

surface area. Moreover, the neutral polymer solution electrospinning behavior was recovered 

after the addition of NaCl, which screened the electrostatic charge repulsions along the 

polyelectrolyte main chain.  Finally, electrospun, biocompatible phospholipid membranes were 

produced from solutions of entangled worm-like lecithin micelles.  This is the first example of 

successfully electrospinning low molar mass, amphiphilic compounds into uniform fibers.  

Electrospinning the phospholipid worm-like micelles into nonwoven fibrous mats will afford 

direct engineering of bio-functional, high surface area membranes without the use of multiple 

synthetic steps, complicated electrospinning setups, or post processing surface treatments. 
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Chapter 1.  Introduction 

 

1.1 Scientific Rationale and Perspective 

Electrostatic fiber spinning or electrospinning occurs when a polymer solution or melt, 

which possess sufficient molecular entanglements, emits a charged fluid jet in the presence of an 

electric field.  This technique is similar to traditional melt spinning or solution spinning, however 

electrostatic repulsions are utilized to stretch a viscoelastic fluid instead of pressure driven flow 

through an extruder.  Electrospinning has generated significant attention since this processing 

technique forms fibers on the order of 1 mm down to 100 nm in diameter, 2 to 3 orders of 

magnitude smaller than conventionally spun fibers.1,2  Due to their high specific surface area, 

high porosity, and small pore size, the unique fibers have been suggested for applications such as 

drug delivery, filtration devices, membranes, vascular grafts, protective clothing, optical sensors, 

and tissue scaffolds.3,4,5,6  The effects of processing variables (applied voltage, tip to target 

distance, feed rate of the solution to the capillary tip) and solution properties (solvent, viscosity, 

concentration, conductivity, surface tension) on controlling the fiber morphology and diameter 

                                                 
1 Reneker D H, Chun I. Nanometre diameter fibers of polymer, produced by electrospinning. Nanotechnology. 
1996;7:216-223. 

2 Deitzel J M, Kleinmeyer D, Harris D, Beck Tan N C. The effect of processing variables on the morphology of 
electrospun nanofibers and textiles. Polymer. 2001;42:261-272. 

3 Grafe T, Graham K. Polymeric nanofibers and nanofibers webs: a new class of nonwovens. Nonwoven 
Technology Review. 2003;51-55. 

4 Kenawy E-R, Layman J M, Watkins J R, Bowlin, G L, Matthews  J A, Simpson D G, Wnek G E. Electrospinning 
of poly(ethylene-co-vinyl alcohol) fibers. Biomaterials. 2003;24:907-913. 

5 Matthews J A, Wnek G W, Simpson D G, Bowlin G L. Electrospinning of collagen nanofibers. 
Biomacromolecules. 2002;3:232-238. 

6 Wang X, Drew C, Lee S-H, Senecal K J, Kumar J, Samuelson L A. Electrospun nanofibers membranes for highly 
sensitive optical sensors. Nano Letters. 2002;2:1273-1275. 
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have been extensively investigated for a variety of polymeric systems.7,8  However, little 

research attention has focused on the influence of molecular architecture and functional groups 

on the electrospinning performance.  Forming sub-micron size fibers from branched polymers 

with functional groups is imperative for tailoring the functionality and utility of the non-woven 

fiber membranes. 

Fibers electrospun from a branched polymer exhibit advantages over fibers formed from 

linear analogs.  Branching allows (1) control of chain end concentration for tailored 

functionalization, (2) controlled degradation for specific drug delivery profiles, (3) reduced 

viscosity for potential melt processing of nanofibers.  Consequently, one of the primary research 

objectives is to understand the influence of branching on electrospun fiber formation and the 

rheological/electrospinning relationships of linear and branched chains.   

Branched polymers are characterized by the presence of branch points or the presence of 

more than two end groups and comprise a class of polymers between linear polymers and 

polymer networks.9  Although undesirable branching can occur in many polymerization 

reactions, controlled branching is readily achieved.  The introduction of branching dramatically 

influences the melt, solution, and solid-state properties of polymers.  Unlike short chain branches 

(SCB), long chain branches (LCB) significantly alter polymer flow properties since the branch 

                                                                                                                                                             
 
7 Megelski S, Stephens J S, Chase D B, Rabolt J F. Micro and nanostructured surface morphology on electrospun 
polymer fibers. Macromolecules. 2002;35:8456-8467. 

8 Lee K H, Kim H Y, La Y M, Lee D R, Sung N H. Influence of mixing solvent with tetrahydrofuran and N,N-
dimethylformamide on electrospun poly(vinyl chloride) nonwoven mats. J. Polym. Sci. Part B: Polym. Phys. 
2002;40:2259-2268. 

9 Roovers J. In. Encyclopedia of polymer science and technology; Kroschwithz J I.; Ed.; Wiley: New York, 1985:2 
p. 478-479. 
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length is sufficiently long to form entanglement couplings.10  In general, LCB are utilized to 

control rheological and processing properties, while SCB influence thermal behavior and 

mechanical properties.11,12  The strong influence of only one long chain branch per chain can be 

visualized by looking at Figure 1.  The “slip-links” along the polymer backbone represent 

entanglements with other chains.  The linear polymer (Figure 1a) is free to diffuse along a tube 

imposed by other chains, while it is obvious from Figure 1b that the reptation of the long-chain 

star-branched polymer is restricted, and must diffuse through some other mechanism.  In 

particular, the star arms must relax stress by counter length fluctuations, where an arm retracts 

some distance down its tube before reemerging into the entangled network.  Thus, it is not 

surprising that long-chain branched polymers exhibit very different properties where chain 

entanglements play a role. 

Another main research objective is to understand the influence of polymer functional 

groups on electrospinning behavior, as this is necessary for tailoring the performance of sub-

micron fibers.  For example, electrospinning copolymers that contain multiple hydrogen bonding 

groups can form sub-micron fibers with molecular recognition capabilities.  Specifically, the 

effect of quadruple hydrogen bonding on the solution rheology behavior and electrospinning 

performance will be investigated.  Polyelectrolytes are a second class of functional polymers that 

display unique electrospinning behavior, and may form sub-micron fibers with potentially unique 

applications.  In particular, quaternary ammonium compounds, which are contained in many 

                                                 
10 Graessly W W. Viscoelasticity and flow in polymer melts and concentrated solutions. Physical Properties of 
Polymers. 1984 p.97-153. 
 
11 Shroff R N, Mavridis H. Long-chain branching index for essentially linear polyethylenes. Macromolecules 
1999;32:8454-8464. 
 
12 Pitsikalis M. Pispas S, Mays J W, Hadjichristidis N. Effect of block copolymer architecture. Adv. Polym. Sci. 
1998;135:1. 
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cationic polyelectrolytes, display anti-bacterial properties.  Thus high surface area, 

polyelectrolyte non-woven mats are excellent candidates as filters against chemical and 

biological agents.   
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a) Linear entangled chain b) Long chain branched entangled chaina) Linear entangled chain b) Long chain branched entangled chain
 

 

Figure 1. Cartoon representing entangled linear chains (a) and long chain branched chains (b).  

The slip links represent entanglements due to other polymers.  
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Chapter 2.  Review of the Literature 
 
2.1 Electrospinning Process 

 The current section serves to review recent advances in the field of electrospinning.  In 

particular, the electrospinning process and setup is described in some detail, as well as recent 

efforts to control fiber morphology and fiber size using process variables.  Moreover, some 

applications of sub-micron electrospun fibers are reviewed, and finally, research efforts focused 

on forming electrospun fibers from the melt phase is discussed.  While section 2.1 is somewhat 

brief in reviewing the electrospinning literature, a more detailed review in section 2.2 will 

summarize effects of branching on polymer properties.  Several recent reviews have 

comprehensively summarized significant advances in the electrospinning area.13,14,15 

 

2.1.1 Electrospinning setup 

While the first reference to the electrospinning process dates back to 193416, a great 

resurgence of research has occurred in the last decade beginning with the work of Reneker et 

al.1,17,18   The electrospinning process is an extension of the electrospraying process, which 

occurs when a charged droplet of low molecular weight fluid is subjected to an electric field.19  

                                                 
13 Li D, Xia Y. Electrospinning of nanofibers:  Reinventing the wheel? Adv. Mat. 2004;16:1151-1170. 
 
14 Gupta P. PhD Dissertation, Department of Chemical Engineering, Virginia Tech. 2004. 
 
15 Subbiah T, Bhat G S, Tock R W, Parameswaran  S, Ramkumar S S. Electrospinning of nanofibers. J. Appl. 
Polym. Sci. 2005;96:557-569. 
 
16 Formhals A. US Patent 1,975,504, 1934. 
 
17 Fong H, Reneker D H. Elastomeric nanofibers of styrene-butadiene-styrene triblock copolymer. Polymer 
1999;37:3488-3493. 
 
18 Chun I. PhD Dissertation, University of Akron 1995. 
 
19 Bailey A G, Electrostatic Spraying of Liquids, Wiley, New York 1988. 
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When the electrostatic charge on the droplet balances the surface tension, the free surface of the 

droplet distorts into a cone with a semi-vertical angle of 49.3°, named a Taylor cone.20   As the 

electrostatic charge on the droplet overcomes the surface tension, the low molecular weight fluid 

breaks up into small droplets.  Electrospinning is an extension of the electrospray process, which 

occurs when a charged solution or melt of a high molecular weight polymer is subjected to an 

electric field.  Due to the presence of chain entanglements in the charged fluid, the fluid does not 

break up into droplets, but forms a stable jet when the electrostatic repulsive forces on the fluid 

surface overcome the surface tension. 

A schematic of the electrospinning process is shown in Figure 2.1.  A polymer solution is 

placed in a 20 mL syringe, which is mounted in a syringe pump, and then a positive lead of a 

direct current (DC) high voltage power supply is connected to an 18-gauge needle of the syringe 

via an alligator clip.  It should be noted that the use of alternating current (AC) has been utilized 

as well.21  A grounded or negatively charged, metal target is then placed some distance from the 

tip of the syringe needle.  Typical voltages utilized for electrospinning are 5 to 30 kV, typical 

flowrates are less than 10 ml/h, and typical syringe to target distances are 5 to 20 cm.  As 

mentioned previously, as the electrostatic charge of the droplet overcomes the surface tension, a 

jet is emitted from the syringe needle towards the grounded electrode.  The jet undergoes a 

whipping instability and solvent evaporation occurs until the jet reaches a grounded target, 

thereby completing the circuit.22   

 
                                                 
20 Taylor G. Disinigration of water drops in an electric field. Proceedings of Royal Society 1964;A 280:383-397. 
 
21 Kessick R, Fenn J, Tepper G. The use of AC potentials in electrospraying and electrospinning process.  Polymer 
2004;45:2981-2984. 
 
22 Yarin A L, Koombhongse S, Reneker D H. Bending instability in electrospinning nanofibers. J. Appl. Phys. 
2001;89:3018-3026. 
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Figure 2.1. Schematic of the solution electrospinning process. 
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Researchers investigated the instabilities of the electrically forced jet and developed a model that 

relates the dependence of the bending instability on the electric field strength and solution flow 

rate.23  The bending instability or whip-like motion of the jet between the capillary tip and the 

grounded target results in thinning of the jet and formation of sub-micron scale fibers.  The jet 

diameter decreases 4 or 5 orders of magnitude during electrospinning due to high elongation 

rates.  Fridrikh et al. developed a model that predicts fiber diameter for several polymer solutions 

at various concentrations and as a function of surface tension and volume charge density.24   

Stephens et al. performed on-line Raman measurements at different positions along the 

electrospinning jet to determine the relative polymer/solvent ratio as a function of distance from 

the spinneret.25 The authors observed that the relative amount of poly(styrene) to tetrahydrofuran 

(THF) did not significantly change within the first 1 cm of the jet suggesting minimal solvent 

evaporation in this region. 

 

2.1.2 Control of fiber morphology and diameter  

There are three categories of variables that influence the electrospun fiber diameter, 

including (1) polymer solution variables, (2) process variables, and (3) environmental variables.  

Examples of solution variables are viscosity or polymer concentration, solvent volatility, 

conductivity, and surface tension.  Process variables consist of electric field strength, fluid 

flowrate, and distance between electrodes.  Finally, examples of environmental variables are 

temperature, vacuum conditions, and humidity. 

                                                 
23 Shin Y M, Hohman M M, Brenner M P, Rutledge G C. Electrospinning:  A whipping fluid generates submicron 
polymer fibers. Appl. Phys. Lett. 2001;78:1149-1151. 
 
24 Fridrikh S V, Yu J H, Brenner M P, Rutledge G C. Controlling the fiber diameter during electrospinning. Phys. 
Rev. Lett. 2003;90:144502-1-4. 
 
25 Stephens J S, Frisk S, Megelski S, Rabolt J F, Chase B D. “Real time” raman studies of electrospun fibers. Appl. 
Spectroscopy 2001;55:1287-1290. 
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As mentioned previously, low molecular weight fluids form beads or droplets in the 

presences of an electric field, while high molecular weight fluids generate fibers.  However, an 

intermediate process is the occurrence of the “beads on a string” morphology.  In many 

instances, bead formation is also observed in addition to fiber growth.  This morphology is a 

result of capillary break-up of the spinning jet caused by the surface tension.26  Fong et al. 

observed the key variables that influence bead formation as solution viscosity, surface tension, 

and the charge carried by the jet or solution conductivity.27  The authors showed that as the 

viscosity increased for poly(ethylene oxide) (PEO)/water solutions, the fiber diameter increased 

and the shape of the beads changed from spherical to spindle-shaped and gradually disappeared. 

Moreover, decreasing the surface tension of the solution suppresses the capillary break-up or 

Raleigh instability, and favors formation of smooth fibers.   

Other researchers have showed the influence of solution properties (conductivity, and 

surface tension) on electrospun fiber diameter and morphology.  Studies with poly(styrene), 

poly(caprolactone), poly(urethane),  poly(lactide), poly(vinyl chloride), and poly(vinyl 

pyrrolidone) have all yielded similar trends in fiber morphology with polymer concentration or 

solution viscosity.28,29,30,31,32,33  In general, as the polymer concentration increases, and 

                                                 
26 Yarin A L. Free liquid jets and films: hydrodynamics and rheology. New York: Wiley, 1993. 
 
27 Fong H, Chun I, Reneker D H. Beaded nanofibers formed during electrospinning. Polymer 1999;40:4585-4592. 
 
28 Lee K H, Kim H Y, Jung H J, Lee S G. The change of bead morphology formed on electrospun polystyrene fibers. 
Polymer 2003;44:4029-4034. 
 
29 Lee K H, Kim H Y, Khil M S, Ra Y M, Lee D R. Characterization of nano-structured poly(e-caprolactone) 
nonwoven mats via electrospinning. Polymer 2003;44:1287-1294. 
 
30 Demir M M, Yilgor I, Yilgor E, Erman B. Electrospinning of polyurethane fibers. Polymer 2002;43:3303-3309. 
 
31 Jun Z, Hou H, Schaper A, Wendroff J H, Greiner A. Poly-L-lactide nanofibers by electrospinning – influence of 
solution viscosity and electrical conductivity on fiber diameter and fiber morphology. e-Polymers 2003 ISSN 1618-
7229. 
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subsequently the entanglement density in solution increases, the fiber morphology gradually 

changes from droplets to beaded fibers to uniform fibers.   Thus, for electrospinning to occur a 

minimum solution concentration must be attained, and below this concentration the Raleigh 

instability dominates and electrospraying occurs.  While the importance of chain entanglements 

on electrospinning performance is accepted in the literature, little work has quantified the effect 

of entanglements on electrospun fiber formation.  Koski et al. electrospun poly(vinyl alcohol) 

(PVA) of various molecular weights from water.34  They measured the intrinsic viscosity, [h], of 

PVA and observed electrospraying at concentrations below C[h] = 4, where C is the polymer 

concentration.  It was previously shown that the quantity C[h] < 1 represents the dilute regime 

from the overlap concentration (C*) relationship shown in Eq. (2.1). 

[ ]h
1

~*C       (2.1) 

Moreover, Hong et al. showed that values of C[h] > 4 for PVA/water solutions were well 

entangled.35  Thus, the authors showed that PVA solutions formed uniformed fibers when 

electrospun from highly entangled solutions (values of C[h] between 5 and 12).  More recently, 

Shenoy et al. defined the entanglement number in solution ((ne)soln) according to Eq. (2.2), 

                                                                                                                                                             
32 Lee K H, Kim H Y, La Y M, Lee D R, Sung N H. Influence of a mixing solvent with tetrahydrofuran and N,N-
dimethylformamide on electrospun poly(vinyl chloride) nonwoven mats. J. Polym. Sci. Part B: Polym. Phys. 
2002;40:2259-2268. 
 
33 Yang Q, Lu Z, Hong Y, Zhao Y, Qiu S, Wang C, Wei Y. Influence of solvents on the formation of ultrathin 
uniform poly(vinyl pyrrolidone) nanofibers with electrospinning. J. Polym. Sci. Part B: Polym. Phys. 2004;42:3721-
3726. 
 
34 Koski A, Yim K, Shivkumar S. Effect of molecular weight on fibrous PVA produced by electrospinning. Mat. 
Lett. 2004;58:493-497. 
 
35 Hong P-D, Chou C-M, He C-H. Solvent effects on aggregation behavior of polyvinyl alcohol solutions. Polymer 
2001;42:6105-6112. 
 



 
 

12 

( )
( ) e

wp

soe

w
soe M

M

M
M

n
f

==
ln

ln      (2.2) 

where Mw is the weight average molar mass, f p is the volume fraction of polymer in solution, 

and Me is the entanglement molecular weight in the melt phase as determined by plateau 

modulus measurements.36  The authors observed the formation of beaded electrospun fibers for 

values of (ne)soln equal to 2, and uniform fiber production for ((ne)soln > 3.5.  Since the critical 

entanglement molar mass as measured by viscosity (Mc) ~ 2Me, the above analysis states that 

fiber formation occurs at the onset of chain entanglements, or when Mwf p = Mc.  Eq. (2.2) was 

valid for poly(styrene), poly(lactide), poly(ethylene oxide), and poly(vinyl pyrrolidone).  

Predictions from Eq. (2.2) are compared to correlations developed in our own laboratories in 

Chapter 3 of this dissertation.  Gupta et al. correlated the onset of electrospun fiber formation 

with C* for a series of poly(methyl methacrylate)s (PMMA) solutions in a good solvent with Mw 

values ranging from 12,470 to 365,700 g/mol.37  The authors observed uniform fiber production 

at C/C* = 6 for solutions of narrow polydispersity PMMA, while relatively broad polydispersity 

samples did not form uniform fibers at normalized concentrations less than C/C* = 10.  This was 

attributed to the larger number of low molar mass chains in the broad polydispersity PMMAs, 

which caused breakup of entanglement couplings in the electrospinning jet. 

Solution conductivity is another polymer solution property that greatly influences 

electrospun fiber diameter.  The addition of salts to polymer solutions has been shown to 

increase the resulting net charge density of the electrospinning jet.  The increase in net charge 

                                                 
36 Shenoy S L, Bates W D, Frisch H L, Wnek G E. Role of chain entanglements on fiber formation during 
electrospinning of polymer solutions: good solvent, non-specific polymer-polymer interaction limit. Polymer 
2005;46:3372-3384. 
37 Gupta P, Elkins C, Long T E, Wilkes  G L. Electrospinning of linear homopolymers of poly(methyl methacrylate: 
exploring relationships between fiber formation, viscosity, molecular weight, and concentration in a good solvent. 
Polymer 2005;46:4799-4810. 
 



 
 

13 

density increases the charge repulsion in the jet, thereby leading to more plastic stretching and 

the formation of thinner fibers.  Moreover, it was also demonstrated that the addition of salts to 

polymer solutions decreased the concentration of bead defects in the resulting electrospun 

fibers.27  This is attributed to the increase in charge repulsion along the jet resulting in an 

increase in surface area, which favors the formation of thinner fibers instead of beads.  Son et al. 

varied the conductivity of PEO solution by adding small amounts (0 to 4 wt%) of a 

polyelectrolyte and studied the resulting diameter and morphology of the electrospun fibers.38  

Upon the addition of either the polyanion, poly(acrylic acid) sodium salt, or the polycation, 

poly(allylamine hydrochloride), the average PEO fiber diameter decreased by 50%.  

 The surface tension of the polymer solution also influences the resulting fiber 

morphology because large surface tensions promote the formation of polymer droplets.  As 

mentioned previously, the surface tension of the fluid must be overcome by the electrical voltage 

in order for emission of an electrified jet from the syringe.  Wnek et al. varied the surface tension 

of PVA aqueous solutions by adding a surfactant.39  The authors observed that droplet formation 

occurred at 0.06 v/w % surfactant, which corresponded to a contact angle of 86°, while uniform 

fiber formation occurred at 0.3 w/v% surfactant, which corresponded to a contact angle of 54-

60°.  Moreover, Rutledge et al. have conjectured that high solution elasticity is necessary to 

suppress the Raleigh instability driven by the fluid surface tension, and ultimately form uniform 

electrospun fibers.40 

                                                 
38 Son W K, Yourk J H, Lee T S, Park W H. The effects of solution properties and polyelectrolyte on 
electrospinning of ultrafine poly(ethylene oxide) fibers. Polymer 2004;45:2959-2966. 
 
39 Yao L, Haas T W, Guiseppi-Elie A, Bowlin G L, Simpson D G, Wnek G E. Electrospinning and stabilization of 
fully hydrolyzed poly(vinyl alcohol) fibers. Chem. Mater. 2003;15:1860-1864. 
40 Yu J H, Fridrikh S V, Rutledge G C. Effect of fluid elasticity on the morphology of electrospun fiber. Am. Chem. 
Soc. Polym. Mat. Sci. Eng. 2005;93:992-993. 
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Process variables also control the morphology of fibers during the electrospinning 

process.  In general fiber diameter is rather insensitive to process conditions when compared to 

varying the polymer solution properties, however extensive work has been published on the 

influence of voltage, flowrate, and working distance on electrospun fiber morphology.  Deitzel et 

al. showed that the morphology of PEO fibers was dependent on the shape of the liquid surface 

from which the jet is formed.2  As mentioned previously, at relatively low voltages the 

electrospinning jet forms from a droplet of solution shaped as a cone, which Deitzel et al. found 

to produce uniform, bead-free fibers.  However, as the voltage is increased, the cone became 

receded into the syringe needle and resulted in fibers with bead defects.  This was attributed to 

the rate at which solution was removed from the tip exceeding the rate at which the solution was 

delivered to the syringe tip, resulting in the formation of an unstable jet.  Zong et al. observed a 

similar phenomena when electrospinning poly(D,L-lactide) at various voltages.41  The same 

researchers also varied the volumetric flowrate that the solution was delivered to the syringe 

needle.  They found that lower feed rates resulted in slightly smaller fiber diameters due to faster 

solvent evaporation at lower flow rates to the syringe tip.  The formation of larger electrospun 

fibers with higher flowrates was also shown by Megelski et al. when electrospinning 

poly(styrene) solutions.42   

The distance between the electrodes or the working distance has also been shown to 

influence the electrospinning process.   Generally as the working distance decreases the time for 

the flight of path for the fluid jet decreases, and thus the degree of plastic stretching and solvent 

                                                 
41 Zong X, Kim K, Fang D, Ran S, Hsiao B S, Chu B. Structure and process relationship of electrospun 
bioabsorbable nanofibers membranes. Polymer 2002;43:4403-4412. 
 
42 Megelski S, Stephens J S, Chase B D, Rabolt J F. Micro and nanostructured surface morphology on electrospun 
polymer fibers. Macromolecules 2002;35:8456-8466. 
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evaporation decrease.  Buchko et al. studied the influence of processing variables on the 

electrospinning behavior of Silk-Like Polymer with Fibronectin functionality (SLPF).43  The 

researchers observed that when the working distance was decreased from 2 cm to 0.5 cm the 

collected fibers were wet and agglomerated together due to insufficient solvent evaporation. 

Environmental conditions around the electrospinning jet have also shown to play a 

critical role on fiber morphology.  Studies with polyurethane solutions revealed that fibers 

electrospun from solutions at elevated temperatures were more uniform in diameter than those 

electrospun at room temperature.30  Moreover, it was also observed that fibers were readily 

formed from higher concentration solutions when electrospun at elevated temperatures, due to 

the decrease in viscosity with temperature.  It should be noted that temperature is a convoluted 

variable when attempting to discern its influence on electrospun fiber formation.  Increasing the 

solution temperature causes (1) a change in chain conformation in solution, (2) a decrease in 

solution viscosity, and (3) an increase in rate of solvent evaporation.  Thus, quantifying the effect 

of temperature on electrospinning proves difficult since all of the above can influence fiber 

morphology. Humidity has been shown to control the surface morphology of electrospun fibers.  

Casper et al. introduced micro- and nano-structured pores into polystyrene fibers when 

electrospinning into an atmosphere with greater than 30% relative humidity.44  Since the 

formation of the nano-pores were dependent on solvent volatility and relative humidity, the 

                                                 
43 Buchko C J, Chen L C, Shen Y, Martin D C. Processing and microstructural characterization of porous 
biocompatible protein polymer thin films. Polymer 1999;40:7397-7407. 
 
44 Casper C L, Stephens J S, Tassi N G, Chase B D, Rabolt J F. Controlling the surface morphology of electrospun 
polystyrene fibers:  Effect of humidity and molecular weight in the electrospinning process. Macromolecules 
2004;37:573-578. 
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structures were considered to be breath figures.  Srinivasarao et al. showed breath figures are 

formed from evaporative cooling at the fiber surface causing condensation of moisture.45 

 

2.1.3 Some applications of electrospun fibers 

 Due to their high specific surface area, small pore size, and 3-D structure, electrospun 

fibers are being investigated for a wide range of applications.  In the present section of this 

review a few of the many applications of electrospun fibers will be outlined.  In particular, 

several research groups are utilizing electrospun membranes as tissue scaffolds due to the highly 

porous microstructure and interconnected pores of the fibers.  Wnek et al. engineered 

electrospun non-woven mats from collagen and poly(ethylene-co-vinyl alcohol), and displayed 

that both materials promoted smooth muscle cell growth and penetration into the electrospun 

matrix.4,5  Yoshimoto et al. utilized poly(e-caprolactone) (PCL) scaffolds to grow stem cells 

obtained from bone marrow.46  They observed a cell multilayer growing on the PCL fibers after 

4 weeks, making these fibers attractive as a potential treatment against bone defects.  Poly(L-

lactide-co-e-caprolactone) scaffolds have also been shown to support the growth of human 

coronary smooth muscle cells for potential applications in blood vessel engineering.47 

 Another biomedical application of electrospun fibers that is currently receiving much 

attention is drug delivery devices.  Researchers have monitored the release profile of several 

different drugs from a variety of biodegradable electrospun membranes.  Keneway et al. showed 

                                                 
45 Srinivasarao M, Collings D, Philips A, Patel S. Three-dimensionally ordered array of air bubbles in a polymer 
film. Science 2001;292:79-82. 
 
46 Yoshimoto H, Shin Y M, Terai H, Vacanti J P. A biodegradable nanofibers scaffold by electrospinning and its 
potential for bone tissue engineering. Biomaterials 2003;24:2077-2082. 
 
47 Xu C Y, Inal R, Kotaki M, Ramakrishna S. Aligned biodegradable nanofibrous structure:  a potential scaffold for 
blood vessel engineering. Biomaterials 2004;25:877-886. 
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a smooth release of tetracycline from poly(ethylene-co-vinylacetate) and PDLA for up to 5 

days.48  MefoxinÒ, a hydrophilic drug used for prevention of infections after surgery displayed a 

controlled release from poly(lactide-co-glycolide) membrane for over 6 days.49  Moreover, the 

authors showed that release of the antibiotic from the non-woven membrane was successful in 

inhibiting bacterial growth.  Similarly, Jiang et al. showed sustained release of ibuprofen over 2 

weeks from a biodegradable electrospun membrane.50 

 Another application for electrospun fibers is porous membranes for filtration devices.  

Due to the inter-connected network type structure that electrospun fibers form; they exhibit good 

tensile properties, low air permeability, and good aerosol protection capabilities.  Moreover, by 

controlling the fiber diameter, electrospun fibers can be produced over a wide range of 

porosities.  Thus, Gibson et al. conjectured that these membranes would provide significant 

resistance to chemical and biological agents, while penetration to water vapor for evaporative 

cooling.51  The authors electrospun a nylon coating directly onto a polyurethane foam containing 

activated carbon, which is used as a component for protective clothing for military applications.  

They found that upon the addition of the electrospun membrane, aerosol particle penetration was 

eliminated through the polyurethane foam.  Research has also focused on the influence of 

charging effects of electrospun non-woven mats on their filtration efficiency.  Poly(styrene) and 

                                                 
48 Keneway E-R, Bowlin G L, Mansfield K, Layman J, Simpson D G, Sanders E H, Wnek G E. Release of 
tetracycline hydrochloride from electrospun poly(ethylene-co-vinylacetate), poly(lactic acid), and a blend. Journal of 
Controlled Release 2002;81:57-64.  
 
49 Kim K, Luu Y K, Chang C, Fang D, Hsiao B S, Chu B, Hadjiargyrou M. Incorporation and controlled release of a 
hydrophilic antibiotic using poly(lactide-co-glycolide)-based electrospun nanofibrous scaffolds. Journal of 
Controlled Release 2004;98:47-56. 
 
50 Jiang H, Fang D, Hsiao B, Chu B, Chen W. Preparation and characterization of ibuprofen-loaded poly(lactide-co-
glycolide)/poly(ethylene glycol)-g-chitosan electrospun membranes. Journal of Biomaterials Science, Polymer 
Edition 2004;15:279-296. 
 
51 Gibson P, Schreuder-Gibson H, Rivin D. Transport properties of porous membranes based on electrospun 
nanofibers. Colloids and Surfaces A: Physiochemical and Engineering Aspects 2001;187-188:469-481. 
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poly(acrylonitrile) were electrospun in a side-by-side fashion to yield fibers with electrically 

dissimilar charges.52  The filtration properties slightly depended on the surface charge of the 

membrane, however the fiber diameter was found to have the strongest influence on the aerosol 

penetration.  Electrospun fibers are currently being utilized for several other applications as well.  

Some of these include areas in nanocomposites53, inorganic/polymer composites54, 

reinforcements, optical sensors6, and UV curable materials.55 

 

2.1.4 Melt Electrospinning 

 The basic fundamentals of electrospinning polymers from the melt phase are the same as 

electrospinning polymers from solution, provided the polymer is thermally stable.  Figure 2.2 

shows a typical melt electrospinning schematic.  A charged fluid jet is emitted from high 

molecular weight polymer melt when subjected to a large electrostatic force.  The jet undergoes 

stretching until it sufficiently cools, and the viscosity overcomes the charge repulsion in the 

solidified jet.  There are several advantages and disadvantages when electrospinning polymer 

filaments from the melt compared to solution processing.  Certain solvents that are utilized for 

solution electrospinning may not be compatible with industrial regulations.  Moreover, most 

electrospinning solvents are certainly not biologically compatible which greatly restricts  

                                                 
52 Schreuder-Gibson H, Gibson P, Tsai P, Gupta P, Wilkes G L. Cooperative charging effects of fibers from 
electrospinning of electrically dissimilar polymers. International nonwoven journal 2004;13:39-45. 
 
53 Lee H L, Lee J H, An I-G, Kim C, Lee D S, Lee Y K, Nam J-D. Electrospun dual-porosity structure and 
biodegradation morphology of Montmorillonite reinforced PLLA nanocomposite scaffolds. Polymer 2005;26:3165-
3172. 
 
54 Larsen G, Velarde-Ortiz R, Minchow K, Barrero A, Loscertales I G. A method for making inorganic and hybrid 
(organic/inorganic) fibers and vesicles with diameters in the submicrometer and micrometer range via sol-gel 
chemistry and electrically forced jets. J. Am. Chem. Soc. 2003;125:1154-1155. 
 
55 Gupta P, Trenor S R, Long T E, Wilkes G L. In situ photo-cross-linking of cinnamate functionalized poly(methyl 
metahcrylate-co-2-hydroxyethyl acrylate) Fibers during electrospinning. Macromolecules 2004;37:9211-9218. 
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Figure 2.2. Schematic of the melt electrospinning process. 
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applications in biological areas. Melt electrospinning eliminates solvent emissions, which results 

in cleaner processing and more environmentally friendly operations.  The removal of solvent also 

increases the process productivity since many fibers are electrospun from solutions with greater 

than 90% solvent.  There are also large disadvantages to electrospinning from the melt phase.  

The most significant factor is that high melt viscosities prevent the formation of sub-micron 

fibers, and melt electrospun fiber diameters are on the order of conventionally processed fibers.   

Consequently, few studies have been conducted utilizing melt electrospinning.   

 Larrondo and Manley were the first to report the formation of electrospun fibers from the 

melt.56,57  The researchers electrospun poly(ethylene) (PE) and poly(propylene) (PP) into 

ambient air, and compared the fiber properties to conventionally processed fibers.  Jet initiation 

occurred from the Taylor cone when the PE or PP melt was placed in the electric field.  The 

applied voltage, temperature, and take-up speed were varied to determine their influence on fiber 

diameter.  The fiber diameter decreased with temperature, electric field strength, and take-up 

speed, however all average fiber diameters were greater than 10 mm.  The reduction in fiber 

diameter with temperature was attributed to the reduced melt viscosity.  Lyons et al. also studied 

the influence of processing parameter on electrospinning (PP) melts of various tacticities.58  The 

authors observed an exponential relationship between average fiber diameter and molecular 

weight due to the increase in chain entanglement couplings with molecular weight.  The lowest 

weight average molecular weight (Mw) PP investigated was 12,000 g/mol.  While the smallest 

                                                 
56 Larrondo L, St. John Manley R. Electrostatic fiber spinning from polymer melts. I. Experimental observations on 
fiber formation and properties. J. Polym. Sci. Part B: Polym. Phys. 1981;19:909-920. 
 
57 Larrondo L, St. John Manley R. Electrostatic fiber spinning from polymer melts. II. Examination of the flow field 
in an electrically driven jet. J. Polym. Sci. Part B: Polym. Phys. 1981;19:921-932. 
 
58 Lyons J, Li C, Ko F. Melt electrospinning part I: processing parameters and geometric properties. Polymer 
2004;45:7597-7603. 
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fibers were on the order of 10 mm in diameter, it should be noted that a few sub-micron fibers 

were generated due to branching off of the larger fibers.  This was attributed to side jets forming 

from the molten polymer jet.  Unlike electrospinning from solution, no bending instability or 

whipping motion was observed for the PP melts due to the high melt viscosity and relatively 

short path length of the jet.  The same researchers also observed the absence of a bending 

inutility during melt electrospinning of poly(ethylene terephthalate).59  It is this lack of whipping 

instability, which prevents the formation of uniform, sub-micron electrospun fibers.  It was 

conjectured by Reneker et al. that elevated temperatures and high electrical conductivities are 

necessary for the onset of bending instability in molten jets, and the formation of melt fibers less 

than 1 mm in diameter.60  However, these criteria must be balanced with the thermal stability and 

processibilty of polymer melts. 

                                                 
59 Lyon J, Pastore C, Ko F. Development in melt-electrospinning of thermoplastic polymers. Am Chem. Soc. Polym. 
Prepr. 2003;44:122-123. 
 
60 Reneker D H, Hou H, Rangkupar R, Lennhoff J D. Electrospinning polymer nanofibers in a vacuum. Am. Chem. 
Soc. Polym. Prepr. 2003;44:68-69. 
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2.2 Branched polyesters: Recent advances in synthesis and performance 

(McKee M G, Unal S, Wilkes G L, Long T E. Prog. Polym. Sci. 2005;30:507-539.) 
 
 

This section of the literature review primarily covers the influence of long-chain 

branching on the rheological behavior and thermal properties since one of the present objectives 

is to understand how branching influences electrospinning performance.  Unlike short chain 

branches (SCB), a long chain branch (LCB) is long enough to entangle with other chains in the 

melt and concentrated solutions thereby drastically altering the flow properties.  The critical 

entanglement molecular weight (Mc) is the minimum molecular weight at which a polymer chain 

entangles, as often measured by the molecular weight dependence of viscosity.61   The value Mc 

separates two regimes in the dependence of zero shear rate viscosity (h0) on weight average 

molecular weight (Mw) for linear chains.  Below Mc the value of h0 scales directly with Mw and 

above Mc h0 scales with Mw 
3.4.  The value of Mc for a given polymer is directly related to the 

entanglement molecular weight (Me), which is typically determined from the plateau modulus 

(G0
N) as shown in Eq (2.3),  

     
N

e G
RT

M
0

r
=       (2.3) 

where r  is the polymer melt density, R is the gas constant, and T is the absolute temperature.  

Fetters et al. related Mc and Me through the packing length (p), which is proportional to the cross-

sectional area of a polymer chain.62  Values of Mc were reported in the literature for several 

                                                 
61 Ferry J D. Viscoelastic properties of polymers. 3rd Edition. Wiley, N.Y.1980. 
 
62 Fetters L J, Lohse D J, Graessley W W. Chain dimensions and entanglement spacings in dense macromolecular 
systems. J. Polym. Sci. Part B: Polym. Phys. 1999;37:1023-1033. 
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linear polyesters, including PET (3300 g/mol), poly(decamethylene succinate) (4600 g/mol), 

poly(decamethylene adipate) (4400 g/mol), and poly(decamethylene sebacate) (4500 g/mol).63   

Below, is an overview of current dilute solution methods utilized to characterize the 

degree of branching and branch length.  The performance of branched polyesters, including 

behavior in dilute and semi-dilute solutions, and melt and solid-state properties are discussed.  

The implications of topological parameters including branch length, number of branches, and 

branching architecture on rheological performance are also reviewed.  Although the majority of 

this review focuses on the melt and solution rheological behavior of branched polymers, some 

discussion is devoted to the influence of branching on solid-state properties and controlled 

biodegradation for drug-delivery applications.  Finally, a perspective of future directions in high 

performance applications for branched polyesters is provided. 

 

2.2.1 Characterization of branched polymer – dilute solution methods 

Since branching has such a dramatic influence on polymer rheological and thermal 

properties, it is important to characterize polymer architecture on a molecular level.  Short chain 

branches are recognized with spectroscopic methods, while sparsely long chain branched 

polymers are much more difficult to characterize.  In practice, most branched polyesters are 

random in nature, with heterogeneous distributions of molecular weight, number of branch 

points, and length of the branches.  Since random branching influences polymer molecular 

weight and molecular weight distribution, it is important to deconvolute the effects of chain 

architecture and molecular weight.  The determination of molecular weight of a branched 

polymer using size exclusion chromatography (SEC) and a calibration curve based on linear 

                                                 
63 Zang Y-H, Carreau P J. A correlation between critical end-to-end distance for entanglements and molecular chain 
diameter of polymers. J. Appl. Polym. Sci. 1991;42:1965-1968. 
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polystyrene results in large errors since separation is based on hydrodynamic volume and linear 

and branched chains can possess the same hydrodynamic size, but different molecular weights.64  

Consequently, light scattering, a method that does not depend on any standards or shapes, is 

critical for measuring the absolute Mw of branched polymer chains.65 

 

2.2.1a Contraction Factors 
 

When compared in the same environment (temperature and solvent), a branched polymer 

has a higher segment density and a lower hydrodynamic volume than that of a linear polymer of 

equal molecular weight.  Solution or melt viscosity measurements, coupled with SEC and light 

scattering experiments yield information regarding polymer size.66  The mean square radius of 

gyration, <R2
g>, is a measure of a polymer’s hydrodynamic volume as measured using static 

light scattering.  Consequently, the ratio of the <R2
g> of a branched polymer to that of a linear 

polymer of the same molecular weight expresses the degree of branching, a quantity, g, referred 

to as the index of branching or contraction factor, shown in Eq (2.4). 

linear
g

branched
g

R

R
g

2

2

=      (2.4) 

Similarly, the ratio of the intrinsic viscosity ([h]) of a branched chain to a linear chain, 

conventionally denoted as g’, is employed as shown in Eq (2.5). 

[ ]
[ ] linear

branchedg
h

h
='      (2.5) 

                                                 
64 Kratochivil P. Characterization of branched polymers. Macromol. Symp. 2000;152:279-287. 
 
65  Zimm B H, Kilb R W. Dynamics of branched polymer molecules in dilute solution. J. Polym. Sci. Part B:  Polym. 
Phys. 1996;34:1367-1390. 
 
66 Podzimek S. A review on the analysis of branched polymers by SEC-MALS. American Laboratory. January 2002: 
38-45. 
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The value of g’ is easily determined using the procedure of Hudson et al., where a multi-angle 

laser light scattering (MALLS) detector and a viscosity detector are coupled with SEC.67  The 

value of [h]branched is measured directly using the viscosity detector and [h] linear is calculated 

using the Mark-Houwink relationship shown in Eq (2.6).   

[ ] a
wlinear KM=h      (2.6) 

The parameters, K and a, are the Mark-Houwink constants for a linear polymer.  For a linear 

chain, g and g’ are equal to 1.0 and decrease as the level of branching increases.  Figure 2.3 

shows the decrease of g, denoted gM in the figure, for branched poly(vinyl acetate) as a function 

of molecular weight.68  The contraction factor decreases from about 0.95 at low molecular 

weight to 0.45 at higher molecular weights, indicating the high molecular chains have a larger 

degree of branching.   

Since the value of [h] of a branched polymer is lower than that of its linear analog, the 

Mark-Houwink exponent, a, for a branched polymer is generally smaller than that of a linear 

chain.  Comparison of the intrinsic viscosity dependence on Mw for a series of linear and 

branched polystyrenes showed a systematic decrease in the Mark-Houwink exponent from 0.73 

to 0.68 to 0.39 for linear, star-branched, and hyperbranched topologies, respectively.69,70   

                                                 
67 Hudson H, MacDonald W A, Neilson A, Richards R W, Sherrington D C. Synthesis and characterization of 
nonlinear PETs produced via a balance of branching and Endcapping. Macromolecules. 2000;33:9255-9261. 
 
68 Grcev S, Schoenmakers P, Iedema P. Determination of molecular weight and size distribution and branching of 
PVAc by means of size exclusion chromatography/multi-angle laser light scattering (SEC/MALLS). Polymer. 
2003;45:39-48. 
 
69 Kharchenko S B, Kannan R M, Cernohous J J, Venkataramani. Role of architecture on the conformation, 
rheology, and orientation behavior of linear, star, and hyperbranched polymer melts.1. Synthesis and molecular 
characterization. Macromolecules. 2003;36:399-406. 
 
70 Kharchenko S B, Kannan R M. Role of architecture on the conformation, rheology, and orientation behavior of 
linear, star, and hyperbranched polymer melts.2. Linear viscoelasticity and flow birefringence. Macromolecules. 
2003;36:407-415. 
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Figure 2.3.  Contraction factor (gM) vs. molecular weight for randomly branched poly(vinyl 

acetate).  The contraction factor decreases from about 0.95 for low molecular weight species to 

0.45 for the higher molecular weight chains, indicating the high molecular chains have a larger 

[68]. 
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It should be noted that other researchers have showed that, in the limit of high molecular 

weights, linear polymer and star polymers that possessed a large range of arm numbers exhibited 

equal Mark-Houwink exponents for polybutadienes and polyisoprenes.71,72 This discrepancy 

between the dependence of [h] on molecular weight for star-shaped polymers may possibly be 

attributed to the lower polystyrene molecular weights that were investigated in Ref. [65].  

Lusignan, Mourey, Wilson, and Colby utilized the disparity in the Mark-Houwink exponent for 

linear and branched chains to estimate the average distance between branch points for a 

randomly branched polyester.73  Figure 2.4 shows the intrinsic viscosity as a function of Mw for 

SEC fractions of the branched polyester.  The two slopes correspond to a values of 0.80 and 

0.43, typical for linear and branched chains respectively, and the two lines intersect at 66,000 

g/mol.  The authors concluded that this crossover from linear behavior to branched behavior 

marks the average linear chain length in the polymer system and the weight average molecular 

weight between branch points. 

                                                 
71 Roovers J, Toporowski P, Martin J. Synthesis and characterization of multiarm star polybutadienes. 
Macromolecules. 1989;22:1897-1903. 
 
72 Bauer B J, Fetters L J, Graessley W W, Hadjichristidis N, Quack G F. Chain dimensions in dilute polymer 
solutions: A light-scattering and viscometric study of multiarmed polyisoprene stars in good and q solvents. 
Macromolecules. 1989;22:2337-2347. 
 
73 Lusignan C P, Mourey T H, Wilson J C, Colby R H. Viscoelasticity of randomly  branched polymer in the 
vulcanization class. Phys. Rev. E. 1999;60:5657-5669. 
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Figure 2.4. Intrinsic viscosity as a function of Mw for a randomly branched polyester.  The 

intersection of the two slopes corresponding to respective a values of 0.80 and 0.43 mark the 

average molecular weight between branch points [73]. 
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The contraction factor has been theoretically correlated to the branching parameters of a 

polymer chain.  Zimm and Stockmayer related g values to the average functionality and the 

number of branching units for randomly branched chains.74  For star polymers with 

monodisperse arms under theta conditions, g can be calculated using Eq (2.7), 

2

23
f
f

g
-

=       (2.7) 

where f is the number of arms.  Unfortunately, it is not possible to measure the mean square 

radius of gyration for low molecular weight chains due to the limitation of MALLS.  In fact, 

<R2
g>

1/2 measurements are unreliable for values less than 10 nm, which is roughly a value of Mw 

of the order of 104 g/mol.75  Intrinsic viscosity and g’ are more reliable measurements, however a 

theoretical basis is not developed that relates g’ to molecular parameters because the dependence 

of g’ and g is not understood.  Much work has focused on understanding this relationship, and 

empirical correlations suggest the form 

egg ='       (2.8) 

where e is between 0.5 and 1.5, and is dependent on the type of branching.76  Generally, e is 

equal to 0.5 for low levels of branching or for star polymers, while e is closer to 1.5 for comb-

shaped polymers.77  Jackson, Chen and Mays determined values of e between 0.8 to 1.0 for 

randomly branched poly(methyl methacrylate), and concluded that the viscometric radius (Rv) is 

                                                 
74 Zimm B H, Stockmayer W H. The dimensions of chain molecules containing branches and rings. J Chem. Phys. 
1949;17:1301-1314. 
 
75 de Luca E, Richards R W, Molecular Characterization of a Hyperbranched Polyester.1.Dilute Solution Properties. 
J. Polym. Sci. Part B: Polym. Phys. 2003;41:1339-1351. 
 
76 Douglas J F, Roovers J, Freed K F. Characterization of branching architectures through “universal” ratios of 
polymer solution properties. Macromolecules. 1990;23:4168-4180. 
 
77 Bohdanecky M. A Semiempirical Formulation of the Effect of Random Branching on Intrinsic Viscosity. 
Macromolecules. 1977;10:971-975. 
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more sensitive to the radius of gyration due to the higher segment density of the branched 

chains.78   Instead of trying to convert intrinsic viscosity contraction factors to radius of gyration 

contraction factors, Balke et al. developed an empirical relationship between g’ and number of 

arms, ranging for star-branched poly(methyl methacrylate) with 3 to 270 arms.79  The authors 

showed the number of arms, f, was more accurately predicted through the empirical fits than by 

estimating values of e and using Eqs (2.7) and (2.8). 

 

2.2.1b Endgroup Analysis  
 
  The average number of branches per chain for a step-growth polymer is determined from 

the basic theoretical concepts of Flory and Stockmayer.  The models are dependent upon the 

number of polymer chain ends, molecular weights, and initial concentration of the mono-, bi-, 

and tri-functional repeat units.  End-group analysis on the branched polymer reveals the number 

of total end-groups.  Researchers calculated the number of end groups for PET branched with a 

trifunctional compound from the concentration of hydroxyl and carboxylic acid end-groups [54].  

Utilizing the number of end-groups, Manaresi et al. and others employed the number average 

branching density or the average number of branches per chain, Bn, 

pr
r

Bn 33
2

--
=      (2.9) 

where r is a parameter that represents the initial polymer composition, 
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78 Jackson C, Chen Y-J, Mays J W. Dilute solution properties of randomly branched poly(methyl methacrylate). J. 
Appl. Polym. Sci. 1996;59:179-188. 
 
79 Balke S T, Mourey T H, Robello D R, Davis T A, Kraus A, Skonieczny K. Quantitative analysis of star-branched 
polymers by multidetector size-exclusion chromatography. J Appl. Polym. Sci. 2002;85:552-570. 
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and ntrif is the number of initial trifunctional molecules, nbif is the initial number of bifunctional  

molecules, and p is the extent of reaction given by Eq. (2.11), 
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where E is the sum of all end-groups (equiv/g) and Mb and Mt are the molecular weights of the 

bi- and tri- substituted repeat units, respectively. 

 A mono-functional agent is often added to a step-growth reaction mixture in tandem with 

the multi-functional branching agent for facile control of molecular weight.  Theory developed 

by Flory and Stockmayer predict that addition of a mono-functional agent shifts the conversion 

at which gelation occurs to higher values.  Moreover, when the molar ratio of mono- to tri- 

substituted agents is greater than or equal to three, the gel point cannot be reached.80  The 

addition of a mono-functional compound is easily accounted for in the above analysis by 

introducing the parameters, 
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where nmono is the number of moles of mono-functional agent.  The extent of reaction, p, is 

redefined as, 
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where Mm is the molecular weight of the monofunctional unit.  Finally, the average number of 

branches, Bn, is given by Eq. (2.14). 

                                                 
80 Manaresi P, Munari A, Pilati F, Alfonso G C, Russo S, Sartirana L. Synthesis and characterization of highly 
branched poly(ethylene terephthalate). Polymer. 1986;27:955-960. 
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It should be noted that long chain branches are often below the detection limit of end-

group analysis and dilute solution measurements for mixtures of linear and branched chains.  

Consequently, the aforementioned methods insensitive to sparsely branched chains.81,82  

Typically spectroscopic techniques and SEC methods are limited to detection of branching levels 

of 1 branch point per 10,000 carbons.83  Moreover, in polymer systems that contain both short 

chain and long chain branches, like polyolefins, the above methods cannot discriminate between 

the two thereby making LCB detection difficult. More recently 13C NMR measurements detected 

branching levels of 0.35 branches per 10,000 carbons in polyethylenes.84   Because the flow 

behavior of polymers is sensitive to long chain branches at concentrations far below the detection 

limit of the above methods, rheology becomes the only feasible way to identify low levels of 

branching.83 

 

2.2.2 Influence of branching on melt rheological properties:  Model systems and long-chain 

branched polyesters 

 
The dependence of viscosity on shear rate for branched chains is very different from that 

of linear chains, and varies with the chain architecture (random, star-branched, comb-branched, 

                                                 
81 Ahmad N M, Lovell P A, Underwood S M. Viscoelastic properties of branched polyacrylate melts, Polym. Int. 
2001;50:625-634. 
 
82 Doerpinghaus P J, Baird D G. Separating the effects of sparse long-chain branching on rheology from those due to 
molecular weight in polyethylene. J Rheol. 2003;47:717-736. 
 
83 Colby R H, Janzen J. Diagnosing long-chain branching in polyethylenes. J Mol. Struct. 1999;485-486:569-584. 
 
84 DeGrott AW, Karjala TP, Taha AN, Johnson MS. Long-chain branching measurements of polyethylenes: a tool-
box of techniques. International workshop on branched polymers for performance, Proceedings. Spring 2004. 
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H-shaped, etc).  Typically, long-chain branched polymers exhibit shear and extensional 

viscosities that are unobtainable with linear chains.  For example, at low shear rates, branched 

chains can exhibit a shear viscosity greater than 100 times that of linear polymer of equal 

molecular weight, while at high shear rates, the branched polymer may exhibit a lower shear 

viscosity than the linear polymer due to enhanced shear thinning.85   

The presence of less than one long-chain branch along a polymer backbone on average is 

known to significantly alter the flow properties.86  Only long-chain branches, branches with Mw 

> Mc, can greatly alter rheological properties, while SCB do not affect the rheological behavior.10  

Several branching parameters influence rheological properties including branch length, degree of 

branching, and chain architecture (random, star-branched, comb, H-branched, etc.).  Typically, 

branches are introduced in a random fashion during polymerization, thereby leading to a broad 

distribution of branch lengths and branch density.  Consequently it becomes difficult to separate 

the effects of branching distribution, molecular weight distribution, and chain architecture. 

PET and other linear polyesters of relatively low molecular weight and narrow molecular 

weight distribution display poor melt strength and shear sensitivity at typical processing 

conditions.87,88  Additives, molecular weight and molecular weight distribution changes by chain 

extension during reaction or post reactor processing, branching, chain end functionalization, and 

                                                 
85 Wood-Adams P, Dealy J M, deGroot A W, Redwine G D. Effect of molecular structure on the linear viscoelastic 
behavior of polyethylene. Macromolecules. 2000;33:7489-7499. 
 
86 Bin Wadud S E, Baird D G. Shear and extensional rheology of sparsely branched metallocene-catalyzed 
polyethylene. J Rheol. 2000;44:1151-1167. 
 
87 Dhavalikar R, Yamaguchi M, Xanthos M. Molecular and structural analysis of a triepoxide-modified 
poly(ethylene terephthalate) from rheological data. J. Polym. Sci. Part A: Polym. Chem. 2003;41:958-969. 
 
88 Kang H, Lin Q, Armentrout SR, Long TE. Synthesis and characterization of telechelic poly(ethylene 
terephthalate) sodiosulfate ionomers. Macromolecules. 2002;35:8738-8744. 
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controlled cross-linking are often used to modify the melt rheology of polyesters.89  In addition, 

long chain branched polymers display superior melt strength and extensional viscosity compared 

to their linear analogs, which aids in blow molding and other processing applications.87  This 

section describes the influence of branching on the melt and concentrated solution rheological 

properties of polyesters, with particular focus on the influence of the branching parameters 

including number of branches, branch length, and branch type on melt viscoelasticity. 

 

2.2.2a Number of branches per chain and branch length 
  

Randomly branched polyesters: 

For a randomly branched polymer chain, the average number of branches per chain 

(degree of branching) and the branch length are coupled for a given molecular weight.  For 

example, a 100,000 g/mol polymer with an average of one branch per chain has an average 

branch length of 33,300 g/mol from the relationship, 

12 +
=

n

w
b B

M
M      (2.15) 

where Mb is the molecular weight between branch points, Mw is the total polymer molecular 

weight, and Bn is the average number of branches per chain.  Thus, if a higher concentration of 

multi-functional agent were added to a step-growth polymerization to yield a polymer chain with 

the same overall molecular weight, but with three branches per chain, the average branch length 

becomes 14,300 g/mol.  Since effects of branch number and branch length cannot be separated 

                                                 
89 Yilmazer U, Xanthos M, Bayram G, Tan V. Viscoelastic characteristics of chain extended/branched and linear 
polyethylene terephthalate resins. J Appl. Polym. Sci. 2000;75:1371-1377. 
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for equivalent molecular weights, this section describes the influences of both parameters on 

rheological properties.  

The dependence of h0 on Mw is well established for linear, flexible chains.  Two regimes 

are separated by a critical molecular weight (Mc), below which h0 scales directly with Mw and 

above which h0 generally scales with Mw 
3.4.  Chains with molecular weights below Mc are too 

small to entangle, while the high molecular weight chains are topologically constrained due to 

entanglement couplings.  Researchers have shown a significant departure from the h0-Mw 

relationship exists for branched chains due to the reduced hydrodynamic volume of the branched 

chains at low molecular weights, and increased entanglement couplings at higher molecular 

weights.90 

Hess, Hirt, and Opperman varied the level of random branching in PET by adding 

different levels of trimethylolpropane (TMP) to the melt polymerization, and the branched PET 

possessed a lower h0 compared to linear chains of equal Mw (approximately 50,000 g/mol).91  

Figure 2.5 shows the systematic decrease in the zero shear rate viscosity as the average number 

of branches per chain was increased from 0.1 to 0.5.  The parameter g*, which is the ratio of the 

zero shear rate viscosity of a branched and linear chain at equal molecular weight, also decreased 

with the average number of branches per chain.   

 

 

 

                                                 
90 Rosu R F, Shanks R A, Bhattacharya S N. Dynamic rheology of branched poly(ethylene terephthalate). Polym. 
Int. 2000;49:203-208. 
 
91 Hess C, Hirt P, Opperman W. Influence of branching on the properties of poly(ethylene terephthalate) fibers. J. 
Appl. Polym. Sci. 1999;74:728-734. 
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Figure 2.5.  Systematic decrease in g’ ([ h]b/[h] l) and g* (h0,b/h0,l) as a function of average 

number of branches per chain for randomly branched PET with Mw = 50,000 g/mol [91]. 
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For a series of linear and randomly branched poly(butylene isophthalate) polymers, Munari et al. 

also showed a decrease in h0 with ~0.5 branches per chain compared to a linear chain of 

equivalent Mw (55,000 g/mol).92  Moreover, when these same authors employed the correlation 

that relates the ratio of h0 of a branched and linear chain of equal Mw as developed by Ajroldi et 

al., the branching index increased from 0 to 1.0 and the zero shear rate viscosity systematically 

decreased by four orders of magnitude.  Similar behavior was exhibited for branched PET and 

branched poly(butylene terephthalate).93  

 The influence of the level of random branching on the rheological properties of aliphatic 

polyesters has also been investigated.  Kim et al. observed a systematic decrease in shear 

thinning onset for branched poly(butylene succinate) (PBS) as the level of trifunctional 

branching agent was increased from 0 to 0.5 wt%.94  The onset of shear thinning behavior was 

attributed to a higher entanglement density of the branched chains.  Moreover, the authors 

observed an increase in h0 for branched PBS over linear PBS.  However the present author 

believes the enhancement in both shear thinning and h0 was more likely due to the significant 

increase in Mw and polydispersity (Mw/Mn) for the branched chains relative to the linear chains.  

Short-chain, ethyl and n-octyl branches were also introduced into poly(ethylene adipate) (PEA) 

and PBS.  In contrast to long-chain branched systems, a decrease in melt viscosity and shear 

thinning behavior were observed when compared to linear PEA and PBS of approximately equal 

                                                 
92 Munari A, Pilati F, Pezzin G. Melt viscosity of linear and branched poly(butylene isophthalate). Rheol. Acta. 
1988;27:145-149. 
 
93 Munari A, Pilati F, Pezzin G. Linear and branched poly(butylene terephthalate): activation energy for melt flow. 
Rheol. Acta. 1985;24:534-536. 
 
94 Kim E K, Bae J S, Im S S, Kim B C, Han Y K. Preparation and properties of branched polybutylenesuccinate. J 
Appl. Polym. Sci. 2001;80:1388-1394. 
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weight average molecular weight.95  The ethyl and n-octyl branches were not long enough to 

form entanglements, and consequently shear thinning and h0 enhancement were not as 

pronounced.  The melt viscosity of the branched polyester was lower than that of the linear 

polyester due to the reduced hydrodynamic volume of the branched chains.  Lehermeier and 

Dorgan studied the influence of blending linear polylactide and polylactides that were randomly 

branched through a peroxide cross-linking reaction on the melt rheological properties.96  The 

authors ensured that the polylactides did not undergo degradation at the rheological conditions 

by adding the stabilizer, tris(nonylphenyl) phosphite.  They observed excellent control over the 

rheological performance with the blend composition.  In particular, the authors reported an 

increase in h0 and decrease in the frequency at which shear thinning occurred with increasing 

blend compositions of the branched chain.  Unfortunately, molecular weight information was not 

reported, and the branching structures of the polylactides were not characterized.  Thus, it was 

difficult to assess the relationships between branch structure and rheological behavior. 

 Lusignan, Mourey, Wilson, and Colby studied the linear viscoelastic properties of 

randomly branched polyesters with varying branch lengths.73  The authors showed for low 

branch length of N = 2 monomeric units, the chains were unentangled and accurately described 

by the Rouse model without hydrodynamic or topological interactions.97  Moreover, further 

studies showed that entanglements between the randomly branched chains did not form for N < 

20, since the Rouse model was adequate for branched polyesters with up to 20 repeat units 

                                                 
95 Jin H-J, Park J-K, Park K-H, Kim M-N, Yoon J-S. Properties of aliphatic polyesters with n-paraffinic side 
branches. J Appl. Polym. Sci. 2000;77:547-555. 
 
96 Lehermeier H J, Dorgan J R. Melt rheology of poly(lactic acid): Consequences of blending chain architectures. 
Polym. Eng. Sci. 2001;41:2172-2184. 
 
97  Lusignan C P, Mourey T H, Wilson J C, Colby R H. Viscoelasticity of randomly branched polyesters in the 
critical percolation class. Phys. Rev. Part E. 1995;52:6271-6280. 
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between branch points.98  Branched polyesters with N = 900 were synthesized to demonstrate 

that topological constraints dominate the viscoelastic response of chains with branch lengths long 

enough to entangle.73  The average molecular weight between branch points, Mb, was determined 

by analyzing the intrinsic viscosity dependence of Mw as shown in Figure 2.4. The Mb (66,000 

g/mol) was defined as the crossover from linear to branched behavior, and was measured by the 

reduction of the [h] vs. Mw slope.  Below Mb, h0 scaled with Mw 
3.6 which was consistent with 

experimental results for entangled linear chains, and above Mb, h0 ~ Mw 
6.0 due to the increased 

entanglement constraints imposed by the branched chains.  Figure 2.6 shows that the Rouse 

model breaks down for N/Ne > 2, where N/Ne is the number of entanglements per branch, due to 

entangled dynamics as the viscosity exponent, s, varies significantly from the Rouse prediction 

of 1.33.  Consequently, the authors concluded that Mb ~ 2Me for entanglements to dominate the 

flow behavior.  Earlier experiments by Long, Berry, and Hobbs observed that the rheological 

behavior of randomly branched polymers is dependent on the branch length.99  They observed a 

larger h0 for branched poly(vinyl acetate) compared to a linear chain of equal molecular weight 

when the average molecular weight between branches (Mb) was greater than 28,000 g/mol.  

Using Me = 9,100 g/mol, which was reported by Fetters et al. for poly(vinyl acetate),100 Mb ~ 3Me 

for entanglements between branches to control the melt rheological performance.   Several other 

researchers have also investigated the rheological response of randomly branched chains.  Valles 

and Macosko showed that Mc is higher for randomly branched poly(dimethylsiloxane) (PDMS)  

                                                 
98 Colby R H, Gillmor J R, Rubinstein M. Dynamics of near-critical polymer gels. Phys. Rev. Part E. 1993;48:3712-
3716. 
 
99 Long V C, Berry G C, Hobbs L M. Solution and bulk properties of branched polyvinyl acetates IV – Melt 
viscosity.  Polymer. 1964;5:517-524. 
 
100 Fetter L J, Lohse D J, Milner S T, Graessley W W. Packing length influence in linear polymer melts on the 
entanglement, critical, and reptation molecular weights. Macromolecules. 1999;32:6847-6851. 
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Figure 2.6.  For  N/Ne > 2 deviation from the Rouse models is evident due to entangled dynamics 

as the viscosity exponent, s, significantly varies from the Rouse prediction of 1.33.  The solid 

line is the Rouse prediction for N/Ne <2, and a phenomenological equation that describes 

entanglements for N/Ne > 2 [73]. 
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chains compared to linear chains as measured by the Mw dependence of h0.
101  Moreover, the 

number of branches per chain also influenced Mc, as Mc increased from 33,000 for the linear 

chain to 98,000 and 110,000 g/mol for the trifunctional and tetrafunctional polymers 

respectively.  Unlike the randomly branched polyesters, the researchers observed a weaker h0-

Mw relationship for branched PDMS above Mc.  However, when h0 was plotted against the 

product gMw (where g is the contraction factor) in Figure 2.7, a viscosity enhancement was 

observed for the randomly branched PDMS as seen previously with star-branched polyisoprene.  

Finally, Masuda et al. reported a dependence of viscoelastic properties on Mb for randomly 

branched polystyrene in 50 wt% solutions.102  A clear plateau region was not observed for Mb/Me 

< 2, due to relaxation of the short backbone segments via Rouse-like motions, while branched 

chains with Mb/Me = 6 showed h0 enhancement. 

                                                 
101 Valles E M, Macosko C W. Structure and viscosity of poly(dimethylsiloxanes) with random branches. 
Macromolecules. 1979;12:521-526. 
 
102 Masuda T, Ohta Y, Onogi S. Rheological properties of randomly branched polystyrenes with different molecular 
weights between branch points. Macromolecules. 1986;19:2524-2532. 
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Figure 2.7. Dependence of h0 on the product gMw for randomly branched PDMS. The triangles 

and squares correspond to tri and tetra functionally branched PDMS, respectively [101]. 
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Star-Branched Polymers: 

 This review has focused on randomly branched polyesters that contain a distribution of 

branch lengths.  Unlike randomly branched polymers, the synthesis of star polymers allows for a 

high degree of control over the molecular structure.  Due to the well-defined chain architectures 

that result from more controlled synthetic strategies, star polymers have received much attention 

in the area of structure/property relationships.  Fundamental investigations of the dynamics of 

star polymers will provide useful information for understanding the behavior of commercially 

produced, randomly branched materials.103  At relatively low molecular weight, the viscosity of a 

star polymer is lower than a linear analog, however, the viscosity of the star polymer increases 

faster with molecular weight and exceeds that of the linear analog at some specific molecular 

weight.104  This molecular weight dependence occurs because the star polymer exhibits a reduced 

hydrodynamic volume compared to a linear polymer due to the higher segment density, but a 

competing effect arises since the star polymer possesses restricted chain motion due to the 

constraint that one end of the arm is anchored to the star core.  Consequently, the branch point 

hinders reptation, and relaxation only occurs when the arm retracts back along the confining tube 

and seeks a new direction.105  McLeish and Milner suggested two modes of relaxation of a star 

polymer.  Short relaxations occur at the chain end, where the branch point does not restrict the 

arm, and long-scale relaxations occur near the star core.105  Experimental results by Ye and 

                                                 
103 Hatzikiriakos, S G; Kazatchkov, I B; Vlassopouolos, D. Interfacial phenomena in the capillary extrusion of 
metallocene polyethylenes. J. Rheol. 1997;41:1299-1316. 
 
104 Pfeiffer G, Gorda K R. J. Star-shaped condensation polymers: synthesis, characterization, and blend properties. J. 
Appl. Polym. Sci. 1993;50:1977-1983. 
 
105 McLeish T C B, Milner S T. Entangled dynamics and melt flow of branched polymers. Adv. Polym. Sci. 
1999;43:195-256. 
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Sridhar corroborated this theory and relaxation times for a concentrated solution of polystyrene 

stars were 20 to 150 times greater than the relaxation times predicted for linear chains by 

reptation theory.106 In addition, star polymer-polymer blend miscibility was highly influenced 

due to the impenetrable core of the star from which the arms diffuse outward.107 

As mentioned previously, the zero shear rate viscosity for linear polymers follows a 

power law dependence above the critical molecular weight for entanglements, Mc.  However, for 

star-shaped polymers with Mw greater than Mc, the zero shear rate viscosity increases 

exponentially with the weight average arm molecular weight.108  Fetters et al. observed that the 

value h0 of a star-branched chain does not depend on the total Mw, but only on the arm molecular 

weight, Ma.  Thus, h0 is independent of the number of arms.  Later, Fetters et al. showed that the 

h0 of a 3-arm polyisoprene star was approximately 20% lower than that of a 4-arm star of 

equivalent Ma, while for f > 4, the degree of functionality is saturated and the viscosity is only 

dependent on Ma.
109  These experimental results were consistent with previously developed 

theories that suggested 3-arm stars have an additional mechanism of stress relaxation that stars of 

higher functionality do not exhibit.110  They proposed for 3-arm stars, an arm could relax if the 

branch point diffuses down one of the tubes.  The rheology of stars with higher degrees of 

functionality was also studied.  Pakula et al. performed linear viscoelastic studies on 

                                                 
106 Ye X, Sridhar T. Shear and extensional properties of three-arm star polystyrene solutions. Macromolecules. 
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109 Fetters L J, Kiss A D, Pearson D S. Rheological behavior of star-shaped polymers. Macromolecules. 
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polybutadiene stars with a significantly larger number of arms than previously studied.111  The 

authors observed a high frequency and low frequency relaxation corresponding to chain 

segmental motion and terminal response, respectively.  Figure 2.8 shows stars with f = 64 and f = 

128 arms display an additional transition in the terminal flow range that is not present for stars 

with f = 4 arms.  This additional transition for stars with high degrees of functionality is 

attributed to cooperative rearrangement of the colloidal or liquid like structures in the melt.112  It 

should be noted this additional relaxation would not be applicable for randomly branched 

polymer chains. 

Since arm length controls the viscoelastic response for stars with a relatively few number 

of arms, it is important to understand the role of branch length in order to provide viscosity 

enhancement.  Kraus and Gruver observed for equal overall molecular weight, a 3 arm star 

polymer with Ma = 10Me showed viscosity enhancement over the linear analog.108  However, 

rheological studies performed on a series of asymmetric poly(ethylene-alt-propylene) stars 

showed for that the critical Ma for viscosity enhancement was less than 10Me.  Gell et al. studied 

a series of 3-arm asymmetric stars where two branch lengths were kept constant and one was 

varied, thereby providing a constant molecular weight backbone.113  The branch length ranged 

from Mb/Me = 0 to Mb/Me = 18, and was shorter than the backbone length (Mbb/Me = 38).  

Deviation from linear chain behavior and h0 enhancement were observed for Mb/Me ~ 2-3, with 

considerably fewer entanglements per branch needed than for symmetric stars due to the nature  

                                                 
111 Pakula T, Vlassopoulos D, Fytas G, Roovers J. Structure and dynamics of melts of multiarm polymer stars. 
Macromolecules. 1998;31:8931-8940. 
 
112 Pakula T. Static and dynamic properties of computer simulated melts of multiarm polymer stars. Comput. Theor. 
Polym. Sci. 1998;8:21-30. 
 
113 Gell C B, Graessley W W, Efstratiadis V, Pitsikalis M, Hadjichristidis N. Viscoelasticity and self-diffusion in 
melts of entangled asymmetric star polymers. J. Polym Sci. Part B: Polym. Phys. 1997;35:1943-1954. 
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Figure 2.8.  Frequency dependence of polybutadiene stars with (a) f = 4, (b) f = 64 and (c) f = 

128 arms.  The vertical dashed lines correspond the frequencies associated with relaxation of the 

chain segment (ws) and arm (wR), respectively [111]. 
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of the very long backbone compared to the branch length.  Dorgan et al. showed that viscosity 

enhancement for 4 and 6-arm star poly(lactic acid) occurred at approximately Mb/Me = 4.114  The 

authors observed that the viscosity enhancement factor, G, 
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h
=G       (2.16) 

increased more rapidly for the 6-arm versus the 4-arm star as shown in Figure 2.9.  In Eq.(2.16) 

h0,b and h0,l are the respective zero shear viscosities of branched and linear chains of equal 

molecular weight.  This result is in disagreement with theoretical treatments and experimental 

results, which show viscosity to be only dependent on arm length, but independent of the number 

of arms.115  The discrepancy was attributed to a combination of polydispersity, hydrogen 

bonding effects between ester groups, and the relatively short arm lengths of the star polymers. 

Claesson et al. prepared star-shaped polyesters composed of poly(e-caprolactone) (PCL) 

initiated from hydroxy-functional hyperbranched cores end-capped with methacrylate units.116 

The end groups served as a cross linking agent for utilization in powder coating applications.  

Due to the narrow range of molecular weights studied, it was difficult to determine if the star 

polymer exhibited exponential or power law behavior, however, the h0 was an order of 

magnitude lower compared to a linear polyester of equal Mw.  Since the Mw of the hyperbranched 

cores cannot be neglected in the total Mw, there was a dependence of arm number on the zero 

shear rate melt viscosity for the PCL stars.  The PCL star polymers with methacrylate end groups  

                                                 
114 Dorgan J R , Williams J S, Lewis D N. Melt rheology of poly(lactic acid): entanglements and chain architecture 
effects. J. Rheol. 1999;43:1141-1155. 
 
115 Milner S T, McLeish T C B. Parameter-free theory for stress relaxation in star polymer melts. Macromolecules. 
1997;30:2159-2166. 
 
116 Claesson H, Malmstrom E, Johansson M, Hult, A. Synthesis and characterization of star branched polyesters with 
dendritic cores and the effect of structural variations on zero shear rate viscosity. Polymer 2002;43:3511-3518. 
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Figure 2.9. Viscosity enhancement (G) vs. branching length for 4 and 6 arm star polylactide 

[114]. 
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were cured with ultraviolet (UV) light.117  Gelation occurred within seconds of UV exposure 

based on the crossover point of the storage modulus (G’) and the loss modulus (G”).  The time to 

reach gelation increased linearly with the molecular weight of the star polymer since the 

concentration of methacrylate end groups decreased.   

 

H-shaped and comb-branched polymers 

 H-shaped architectures are considered the simplest form of a comb polymer, where 

branching occurs only at the two ends of the backbone.  Although, little work has focused on the 

synthesis and rheological analysis of H-shaped polyesters, many structure/property studies have 

been performed on model H-shaped polymers.  This section of the present review serves to 

summarize work performed on model polymer systems, as the results are applicable to polyester 

architectures.  Roovers studied the melt rheology of H-shaped polystyrene and observed a 

decrease in h0 for the branched polymers compared to linear analogs at low molecular weight, 

and an increase in h0 at high molecular weights similar to star polymers.118  Figure 2.10 shows 

that the viscosity enhancement factor, G, increased faster for the H-shaped polymer than that of 

either 3 or 4 arm stars as a function of chain entanglement per branch (Mb/Me).  This was 

attributed to an additional mode of relaxation for the H cross-bar which is not present for star 

polymers.  Archer and Varshney corroborated this extra relaxation mode for H-shaped or multi-

arm polybutadienes with three branches per chain end.119  The authors observed a broader and  

                                                 
117 Claesson H, Malmstrom E, Johansson M, Hult A, Doyle M, Manson J-A E. Rheological behavior during UV-
curing of a star-branched polyester. Prog. Org. Coatings. 2002;44:63-67. 
 
118 Roovers J. Melt rheology of H-shaped polystyrenes. Macromolecules. 1984;17:1196-1200. 
 
119 Archer L A, Varshney S K. Synthesis and relaxation dynamics of multiarm polybutadiene melts. 
Macromolecules. 1998;31:6348-6355. 
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Figure 2.10.  Viscosity enhancement factor, G, as a function of the number of entanglements per 

branch.  Triangles and diamonds denote H-polymers, the solid line denotes a 4-arm star, and the 

dashed line denotes a 3-arm star [118]. 
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lower frequency transition to the terminal region for the multi-arm polybutadiene compared to its 

linear counterpart, which was attributed to an increased relaxation time of the cross-bar.  

Moreover, they showed the terminal relaxation time and h0 enhancement were primarily 

controlled by the branch length when Mb>Me and were relatively independent of the cross-bar 

molecular weight.  Houli et al. also studied the rheological behavior of pom-pom type polymers 

with a much greater number of arms (f = 32).120  They also observed the dominant mechanism of 

terminal relaxation was arm relaxation.  However, multi-arm polymers with Mb < Mc did not 

form entanglements, which was marked by power law behavior from the glass to the terminal 

region, typical of Rouse-like motions.  This is similar to the unentangled behavior of high 

molecular weight hyperbranched polymers that relax via segments that are smaller than Me.
121 

Although model star and pom-pom polymers were extensively studied to determine the 

influence of branching on rheological properties, most commercially produced polymers are 

randomly branched.  Interest in the rheological characterization of comb-branched chains may 

bridge the gap between the behavior of model star polymers and randomly branched commercial 

polymer.  Noda et al  performed viscoelastic measurements with polystyrene combs and showed 

a lower h0 compared to linear polystyrene of equal Mw, but when compared at equivalent Rg, the 

combs displayed viscosity enhancement.122  Roovers and Graessley also performed rheological 

analyses on comb polystyrenes with backbone molecular weights of 275,000 and 860,000 g/mol 

                                                 
120 Houli S, Iatrou H, Hadjichristidis N, Vlassopoulos D. Synthesis and viscoelastic properties of model dumbbell 
copolymers consisting of a polystyrene connector and two 32-arm star polybutadiene. Macromolecules. 
2002;35:6592-6597. 
 
121 Simon P F Muller A H, Pakula T. Characterization of highly branched poly(methyl methacrylate) by solution 
viscosity and viscoelastic spectroscopy. Macromolecules. 2001;34;1677-1684. 
 
122 Noda I, Horikawa T, Kato T, Fujimoto T, Nagawasa M. Solution properties of comb-shaped polystyrenes. 
Macromolecules. 1970;3:795-799. 
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with approximately 30 branches per chain varying in Mw from 6,500 to 98,000 g/mol.123  The 

comb polystyrenes showed a reduction in h0 when compared to linear chains of the same Mw and 

showed h0 enhancement when compared at equivalent intrinsic viscosity.  Surprisingly, this 

enhancement was not restricted to branch lengths above Me, and the h0 enhancement was 

different for the combs with different molecular weight backbones.  However, the authors found 

good agreement with the log G - Mb/Me relationship for stars when the comb molecular weight 

was normalized by the average end-to-end comb molecular weight (MEE/Me).  Daniels et al. 

studied the linear rheological response of comb-branched polybutadiene and varied the 

molecular weight of the polymer backbone, the molecular weight of the arms, and the number of 

arms.124  The researchers reported the viscoelastic response was dependent on the number of 

arms for low frequencies.  At short time scales, the comb polymers displayed Rouse-like 

behavior similar to star polymers due to relaxation of the dangling chain ends. For a relatively 

small number of arms, the comb polymers behaved similar to H-shaped polymers, marked by 

relaxation of the arms at intermediate frequencies and reptative motion of the backbone at low 

frequencies.125  For a larger number of arms, the terminal region showed a distinctly different 

response for the comb compared to the H-shaped polymer, as a larger number of relaxation 

modes were available to the comb-branched polybutadiene.  Roovers and Toporowski attributed 

the broader low frequency relaxation to additional couplings between a branch and a backbone 

                                                 
123 Roovers J, Graessley W W. Melt rheology of some model comb polystyrenes. Macromolecules. 1981;14:766-
773. 
 
124 Daniels D R, McLeish T C B, Crosby B J, Young R N, Fernyhough C M. Molecular rheology of comb polymer 
melts. 1. Viscoelastic response. Macromolecules. 2001;34:7025-7033. 
 
125 McLeish T C B, Allgaier J, Bick D K, Bishko G, Biswas P, Blackwell R, Biottiere B, Clarke N, Gibbs B, Groves 
D J, Hakiki A, Heenan R K, Johnson J M, Kant R, Read D J, Young R N. Dynamics of entangled H-polymers: 
theory, rheology, and neutron scattering. Macromolecules. 1999;32:6734-6758. 
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that are unavailable to star polymers.126  Namba et al. showed that branch spacing in comb 

polymers is important in their viscoelastic response.127  They observed that highly branched 

comb poly(methyl methacrylate), with approximately one polystyrene branch (Mb = 3450) per 

repeat unit did not entangle, as a plateau region was not observed for the storage modulus.  

Although Mb<Mc for the polystyrene branches, the backbone molecular weight was well above 

Mc, so the lack of entanglements was attributed to the high branch density of the comb polymer.  

When the polystyrene macromonomer was copolymerized with methyl methacrylate to yield a 

branch structure of approximately 3 branches per 100 repeat units, a clear plateau region was 

observed in the dynamic shear modulus.  However, the authors did not address the 

incompatibility issues between polystyrene and poly(methyl methacrylate) chains.  

Tsukarhara et al. also observed fewer entanglement couplings for highly branched combs 

with a backbone molecular weight greater than Mc. The researchers calculated Me of a highly 

branched poly(methyl methacrylate) comb from the plateau region, where Mb<Mc, and 

discovered Me was approximately 3 orders of magnitude larger for the highly branched PMMA 

compared to linear PMMA.128  The authors attributed this to the increased cross-sectional area of 

the highly branched PMMA comb, which excluded other chains from a unit volume and thereby 

hindered entanglement couplings. 

2.2.2b Flow Activation Energy 
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from polystyrene macromonomers: rheological behavior I. Polymer. 2000;41:5165-5171. 
 
128 Tsukahara V, Namba S, Iwasa J, Nakano Y, Kaeriyama K, Takahashi M. Bulk properties of 
poly(macromonomers) of increased backbone and branch lengths. Macromolecules. 2001;34:2624-2629. 
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The activation energy explains the temperature dependence of viscosity for as shown in 

Eq (2.17), 
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where h0 is the zero shear rate viscosity, A0 is a pre-exponential factor, Ea is the activation 

energy, R is the gas constant, and T is the temperature in K.  Generally, Eq. (2.17) is only valid 

for temperatures ca. 80 °C above the polymer glass transition (Tg) due to the exponential rise in 

viscosity at temperatures near the Tg.  The value of Ea is independent of molecular weight and is 

only dependent on the local segmental nature of the chain.129  Typical values for the Ea are in the 

range of 5 to 20 kcal/mol. In general, Ea increases with either chain stiffness or “bumpiness”.130  

Consequently, the temperature dependence of viscosity for branched polymers differs 

significantly from the corresponding linear analogs.  In particular, the rheological behavior of the 

former shows a greater temperature dependence and thus Ea is enhanced.   One of the most 

outstanding examples is that Ea depends on the degree of branching and branch length in 

polyethylene, as several researchers reported a larger Ea for low-density polyethylene compared 

to high-density polyethylene.  However, limited work has focused on the influence of branching 

on Ea in polyesters.   

Munari et al. investigated the influence of long-chain branching on the flow activation 

energy for a series of partially aromatic polyesters, and found inconsistent results for the 

different polyesters.  They reported a 35 to 100% increase in Ea for a series of branched 

poly(butylene terephthalate)s (PBT) compared to their linear analogs, however, only a slight 

                                                 
129 Severs E T. Rheology of Polymers, Reinhold, New York, 1962. 
 
130 Wilkes G L. An overview of the basic rheological behavior of polymer fluids with an emphasis on polymer 
melts. J. Chem. Ed. 1981;58:880-892. 
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increase in the Ea for branched PET compared to linear PET was observed.93,131  Moreover, no 

enhancement in Ea was observed for branched poly(butylene isophthalate) (PBI) compared to 

linear PBI.132  The authors attributed these discrepancies to differences in Mb between the 

branched polyesters and different temperature coefficients of the repeat units.  Graessley related 

this inconsistent behavior to differences in the temperature coefficients of linear and branched 

polymer melts.133  This discrepancy arises when considering the mode by which entangled chains 

relax.  In particular, linear chains undergo reptation, while long chain branches relax by 

retraction or short time-scale fluctuations along the tube contour length of an arm.  As an arm 

relaxes, it must pass through a higher energy barrier due to the more compact conformational 

states that are dependent on the temperature coefficient of the chain.   In the cases where 

differences in activation energy for linear and branched polymers are observed, the quantity, DE 

= (Ea)B – (Ea)L, is often used to quantify the degree of Ea enhancement.  The quantity DE was 

shown to exponentially increase with the number of entanglements per branch (Mb/Me), and 

decrease to zero with decreasing branch length.134 

 

                                                 
131 Munari A, Pezzin G, Pilati F, Manaresi P. Rheological characterization of highly branched poly(ethylene 
terephthalate). Rheol. Acta. 1989;28:25-29. 
 
132 Munari A, Pezzin G, Pilati F. Linear and branched poly(butylene terephthalate): activation energy for melt flow. 
Reol. Acta. 1990;20: 469-474. 
 
133 Graessley W W. Effect of long branches on the temperature dependence of viscoelastic properties in polymer 
melts. Macromolecules. 1982;15:1164-1167. 
 
134 Raju V R, Rachapudy H, Graessley W W. Properties of Amorphous and Crystallizable Hydrocarbon Polymers. 
IV. Melt rheology of linear and star-branched hydrogenated polybutadiene. J Polym. Sci. Part B: Polym. Phys. 
1979;17:1223-1235. 
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2.2.3 The influence of branching on solution rheology properties in the semidilute regime 

 The dilute solution properties of branched chains are consistent with their reduced 

hydrodynamic dimensions compared to linear polymers of equivalent molecular weight.  The 

properties of branched polymers in dilute solution were discussed in some detail in Section 2.2.1.  

In dilute solution, the polymer chains are widely separated from each other, and only the 

interactions between two chains need to be considered.  At a critical concentration, C*, the 

polymer chains begin to crowd each other and overlap in solution, and C > C* is termed the 

semidilute regime.  As the polymer chains overlap, intrachain interactions are screened at length 

scales longer than the correlation length (x) , where the correlation length is defined as the 

average distance between neighboring contacts points.135  Polymer concentrations above C* do 

not indicate that entanglement couplings between chains have formed.136  Consequently, in the 

semidilute unentangled regime, C*<C<Ce (where Ce is the entanglement concentration), chain 

overlap is not sufficient to topologically constrain the polymer chain motion.  Above Ce, the 

semidilute entangled regime, chain crowding and interpenetration is sufficient to constrain the 

chain motion, and topological interactions dominate at distances longer than the tube diameter.137  

Limited rheological studies have shown that typically Ce/C
* is in the range of 5 to 10 for neutral, 

linear polymers.137  Finally, as polymer concentration is increased further into the concentrated 

                                                 
135 Boris D C, Colby R H. Rheology of sulfonated polystyrene solutions. Macromolecules. 1998;31:5746-5755. 
 
136 Dobrynin A V, Colby R H, Rubinstein M. Scaling theory of polyelectrolyte solutions. Macromolecules. 
1995;28:1859-1871. 
 
137 Colby R H, Fetters L J, Funk W G, Graessley W W. Effects of concentration and thermodynamic interaction on 
the viscoelastic properties of polymer solutions. Macromolecules. 1991;24:3873-3882. 
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regime, which is defined as the point where chain dimensions become independent of 

concentration, the polymer coils are highly entangled and behave similar to a melt.138 

 The entanglement concentration is experimentally measured by analyzing the 

concentration dependence of specific viscosity (hsp), 

s

s
sp h

hh
h

-
= 0       (2.18) 

where h0 is the zero shear rate viscosity of the polymer solution and hs is the solvent viscosity.  

For neutral, linear polymers in a good solvent, hsp ~ C 1.0 in the dilute regime, hsp ~ C 1.25 in the 

semidilute unentangled regime, hsp ~ C 3.75 in the semidilute entangled regime as predicted by the 

reptation theory.  Finally, the value of hsp generally shows a weaker dependence in the 

concentrated regime compared to the semi-dilute entangled regime.137  For example, Colby et al. 

measured the onset of the semidilute unentangled and semidilute entangled regime for an 

aqueous solution of sodium hyaluranote.139  Figure 2.11 shows the viscosity dependence of 

concentration and the determination of C* and Ce from the change in slope.  Takahashi et al. 

measured h0 for linear poly(a-methylstyrene) in good, poor, and q solvents and observed the 

transition to the semidilute regime decreased with molecular weight as expected since larger 

chains begin to overlap at lower concentrations compared to smaller chains.140  Moreover, the 

authors reported that the transition was dependent on solvent quality.  Other researchers 

investigated the hsp–C relationship for linear poly(a-methylstyrene) in solvents of variable  

                                                 
138 Graessley W W. Polymer chain dimensions and the dependence of viscoelastic properties on concentration, 
molecular weight, and solvent power. Polymer. 1980;21:258-262. 
 
139 Krause W E, Bellomo E G, Colby R H. Rheology of sodium hyaluronate under physiological conditions. 
Biomacromolecules. 2001;2:65-69. 
 
140 Takahashi V, Isono Y, Noda I, Nagawasa M. Zero-shear viscosity of linear polymer solutions over a wide range 
of concentration. Macromolecules. 1985;18:1002-1008. 
 



 
 

58 

 

 

 

Figure 2.11.  Concentration dependence of specific viscosity for a biopolymer, sodium 

hyaluranote.  C* and Ce were determined as 0.59 and 2.4 mg/mL, respectively [139]. 
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quality.141  The investigators discovered that in dilute solutions hsp was lower in poor solvents 

compared to good solvents, while the opposite was true in entangled solutions.  It was proposed 

that the viscosity increase in the poor solvent was attributed to enhanced entanglement couplings 

due to relatively weak interactions between the chain segments and the solvent.  Moreover, 

otherresearchers have observed a weaker concentration dependence for viscosity in the 

semidilute entangled regime for a polymer in a good solvent compared to a polymer in a theta 

solvent. Colby and Rubinstein described the dependence of viscosity on solution concentration in 

terms of a two-parameter scaling model for good and q solvents.142  The two length scales of 

interest were the x and the tube diameter (a), where a is the length scale that describes the mesh 

size of an entanglement network.  The root mean square end-to-end distance, R, of a flexible 

polymer chain is related to the number, N, and length, b, of Kuhn segments as shown in Eq. 

(2.19).  

vbNR =       (2.19) 

The correlation length is related to R and the polymer concentration by Eq. (2.20).  
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For polymers in a good solvent, the correlation length and the tube diameter have the same 

concentration dependence, a ~ x ~ C-0.75, while the two length scales have different concentration 

dependencies in q solvents.  The viscosity was determined from Eq. (2.21), where G is the 

                                                 
141 Isono Y, Nagawasa M. Solvent effects on rheological properties of polymer solutions. Macromolecules. 
1980;13:862-867. 
 
142 Colby R H, Rubinstein M. Two-parameter scaling for polymer in theta solvents. Macromolecules. 1990;23:2753-
2757. 
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plateau modulus, t  is the longest relaxation time, hs is the solvent viscosity, and Ne is the chain 

length of an entanglement strand. 
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For the case of a good solvent (a ~ x), substituting the dependence of Ne on concentration in Eq. 

(2.21), gives the scaling result determined by de Gennes.143 

13

3
3~ -v

s cMhh      (2.22) 

The concentration dependence of solution viscosity becomes 3.75 after substituting v = 3/5 for 

the good solvent case.  For semi-dilute solutions in a q solvent, a ~ C-0.67 and x ~ C-1, and Eq. 

(2.21) becomes, 

7..43~ cMshh       (2.23) 

Thus, due to the different concentration dependencies of the tube diameter and the correlation 

length in a q solvent, the resulting concentration dependence of viscosity is greater than the good 

solvent case. 

Our discussion of concentration dependence of hsp and the determination of C* and Ce 

has focused on linear chains to this point.  Not surprisingly, at equal molecular weights, branched 

chains show different behavior in solution compared to linear chains.  Generally, as shown in 

Figure 2.12, a branched polymer exhibits a higher overlap concentration compared to a linear 

polymer of equal Mw since the branch points act as obstacles to chain interpenetration.144  

Sendijarevic et al. studied the effect of branching of AB/AB2 etherimide copolymer solutions on 

                                                 
143 de Gennes . Scaling concepts in polymer physics. 1979. 
144 Burchard W. Solution properties of branched macromolecules. Adv. Polym. Sci. 1999;143:111-194. 
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solution rheology properties.145  The authors observed a weaker concentration dependence of h0 

in the semidilute entangled regime for more highly branched structures.  As the copolymer 

composition was varied from 0 to 100 mol% AB2, corresponding to linear and hyperbranched 

architectures, respectively, the exponent decreased from 12.5 to 4.7, attributed to a larger number 

of entanglements per chain in the linear copolymers.  Moreover, the overlap concentration 

increased with higher levels of branching.  Similarly, solution rheology studies with linear and 

randomly branched poly(ethylene terephthalate-co-ethylene isophthalate) (PET-co-PEI) showed 

a weaker hsp vs. C dependence for branched copolyesters compared to linear copolyesters of 

similar molecular weight.146  Furthermore, branching dramatically influenced the onset of the 

entanglement regime, as Ce increased from 4.5 to 10 wt % as g’ for PET-co-PEI decreased from  

                                                 
145 Sendijarevic I, Liberature M W, McHugh A J. Effect of branching on the rheological properties of solutions of 
aromatic etherimide copolymers. J. Rheol. 2001;45:1245-1258. 
 
146 McKee M G, Wilkes G L, Colby R H, Long, T E. Correlations of solution rheology with electrospun fiber 
formation of linear and branched polyesters. Macromolecules. 2004;37:1760-1767. 
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Figure 2.12.  Illustration of a branched chain in the semidilute regime (C > C*).  
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1.0 to 0.43.  In a related study, Juliani and Archer studied the rheology of unentangled and 

entangled A3-A-A3 multi-arm polybutadiene solutions with equivalent branch molecular weights 

and variable backbone molecular weights.147  The investigators reported Ce decreased from 22 to 

8 vol% as the molecular weight of the cross-bar was increased by ~30% allowing a larger 

number of entanglements per chain for the higher molecular weight crossbar. 

 

2.2.4. Influence of Branching on Thermal Properties of Polyesters 

 The incorporation of branching into polymers dramatically influences the thermal 

properties, such as the melting temperature (Tm) if molecular symmetry allows crystallization, 

glass transition temperature (Tg), degree and rate of crystallization, and the isotropic transition 

temperature (Ti) for liquid crystalline polymers.  Short-chain branches affect solid-state 

properties and limit chain crystallization, while long chain branches generally enhance h0 and 

provide shear thinning with longer relaxation times.  For high performance applications, long 

chain branching is utilized to control the rheological and processing properties, while short chain 

branching influences thermal behavior and mechanical properties.  Often, short chain branching 

is introduced to reduce the melting transition and consequently improve the melt processibilty of 

a polymer.   

It should be noted that for step-growth polymers it is often difficult to separate effects 

from comonomer incorporation and branching on thermal properties.  For example, generally 

branched polyester synthesis utilizes a comonomer with functionality greater than two that is 

added to the polymerization to yield a branched structure.  Moreover, thermal transitions and 

crystallization behavior are dependent on both comonomer composition and degree of SCB or 

                                                 
147 Juliani, Archer L A. Relaxation dynamics of entangled and unentangled multiarm polymer solutions: experiment. 
Macromolecules. 2002;35:6953-6960. 
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LCB.  Consequently, due to the nature of random branching in polyesters chemical composition 

and degree of SCB or LCB must be accounted for. 

 

2.2.4a Glass Transition 
 
 The glass transition temperature (Tg) is the temperature at which a polymer chain 

possesses sufficient thermal energy that cooperative, segmental motion of the backbone occurs.  

Below the Tg, the polymer lacks mobility, but maintains the disordered state of the melt.  As an 

amorphous polymer is cooled from the melt its free volume decreases since the thermal energy 

for chain mobility decreases.  The Tg occurs, once the free volume shrinks such that cooperative 

motion of the backbone is prohibited.  Thus, any variables that influence the polymer’s fractional 

free volume can affect the Tg.  Some examples include, chemical composition, molecular weight, 

crystallinity, addition of plasticizer, and chain topology. 

The glass transition temperature for random copolymers varies with the chemical 

composition by the Fox Equation, 
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where wA and wB are the respective weight fractions of monomers A and B in the copolymer, and 

Tg,A and Tg,B are the homopolymer glass transition temperatures.  Thus, the Tg of a randomly 

branched polyester is a function of the multi-functional (f >2) branching agent composition, and 

must be considered when addressing the influence of branching on Tg.  As a specific example of 

this issue, Jayakannan and Ramakrishnan attempted to separate the effects of copolymer 

composition and branching by synthesizing a series of linear, kinked, and branched PET 
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samples.148  Figure 2.13 shows the structures of the three PETs, where the kinked PET has a 

linear architecture but contains the same 1,3 connectivity as the branched PET.  Figure 2.14 

shows the Tg of PET was unaffected by either the 1,3 connectivity or the branches at a range of 

compositions.  In addition to PET, the independence of Tg with branching was observed for 

poly(butylene isophthalate).149 

 Another important issue with investigating the influence of chain architecture on the glass 

transition temperature is separating the effects of short chain branches and long chains branches.  

In the current literature there is a lack of structure/property relationships for well-defined 

polyesters with known compositions of short chain and long chain branches.  However, thermal 

studies performed on short chain branched poly(n-alkyl methacrylates) with varying alkyl chain 

length can be applied to polyesters.  As the length of the alkyl side chain is increased from 1 

carbon in poly(methyl methacrylate) to 12 carbons in poly(dodecyl methacrylate), the Tg 

systematically decreased by ca. 190 °C.150  Reductions in Tg have been clearly correlated to 

increasing fractional free volume with alkyl length.   Unlike, the poly(n-alkyl methacrylates) 

with a side chain on every repeat unit of the backbone, a series of short chain branched aliphatic 

polyesters with varying compositions of SCB were studied.151 The Tg of poly(butylene succinate) 

(PBS) with ethyl, n-hexenyl, and octyl branches systematically decreased with the degree of 

                                                 
148 Jayakannan M, Ramakrishnan S. Synthesis and thermal analysis of branched and kinked poly(ethylene 
terephthalate). J. Polym. Sci. Part A: Polym. Chem. 1998;36:309-317. 
 
149 Finelli L, Lotti N, Munari A. Influence of branching on the thermal behavior of poly(butylene isophthalate). J 
Appl. Polym. Sci. 2002;84:2001-2010. 
 
150 Everaerts A I, Clemens L M. Pressure sensitive adhesives. In: Chaudhury M, Pocius A V, ed. Surfaces, 
chemistry, and applications. Elseveir, 2002. p. 487 
 
151 Jin H-J, Kim K-S, Kim M-N, Lee I-M, Lee H-S, Yoon J-S. Synthesis and properties of poly(butylene succinate) 
with n-hexenyl side branches. J. Appl. Polym. Sci. 2001;81:2219-2226 
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SCB.  Yoon et al. also showed a similar decrease in Tg with short chain branching content in 

poly(ethylene adipate) and other aliphatic polyesters.152 
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Figure 2.13.  Reaction schemes for the synthesis of branched and kinked PETs [148].
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Figure 2.14.  DSC trace for branched PET with 0 to 5 mol% branching comonomer [148]. 
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Up to this point, only the role of SCB on Tg has been discussed.  If molecular symmetry 

exists and the side chains are long enough to order, side-chain crystallization may occur which 

increases the Tg.
153  This phenomenon is due to organization and packing of the side chains into a 

rigid crystalline structure. Greenberg and Alfrey observed side chain crystallization for a series 

of poly(n-alkyl methacrylates) and poly(n-alkyl acrylates) with n-alkyl groups from 12 to 18 

carbons long.154  The side chain crystalline domains serve to restrict chain segment mobility in 

the amorphous region, which subsequently broadens and raises the glass transition 

temperature.155  The crystalline regions act as physical cross-links where chains from the 

amorphous region are physically tied to the crystals.  Further discussion of side chain 

crystallization is addressed in the next section. 

 Although the role of comonomer content and short chain branches on Tg has been studied 

for poly(n-alkyl methacrylates) and alkyl substituted rigid polymers, little work has focused on 

how these variables influence the thermal properties of semi-flexible polyesters.156,157  Careful 

studies on well-defined branched polyesters is needed to fill this gap in the literature. 

6.2.4b Melting Behavior and Quiescent Crystallization Growth 
 

Polymer chains that contain a molecular symmetry typically crystallize under appropriate 

conditions.  The crystalline content of polymers is always less than 100% and the crystalline 

                                                 
153 Lee J L, Pearce E M, Kwel T K. Side-chain crystallization in alkyl substituted semiflexible polymer. 
Macromolecules. 1997;30:6877-6883. 
 
154 Greenberg S A, Alfrey T. Side chain crystallization of n-alkyl polymethacrylates and polyacrylates. J. Am. 
Chem. Soc. 1954:76:6280-6285. 
 
155 Nogales A, Ezquerra T A, Batallan F, Frick B, Lopez-Cabarcos E, Balta-Calleja F J. Restricted dynamics of 
poly(ether ether ketone) as revealed by incoherent quasielastic neutron scattering and broad-band dielectric 
spectroscopy.  Macromolecules: 1999:32:2301-2308. 
 
156 Kricheldorf J H, Domschke A. Layer structures. 3. Poly(hydroquinone-terephthalate)s with one, two, or four 
alkyl substituents:  Thermotropic and isotropic rigid rods.  Macromolecules. 1996;29:1337-1344. 
 
157 Kricheldorf J H, Domschke A. Layer structures. 1. Poly(phenylene-terephthalate)s derived from mono-, di-, and 
tetrakis(alkylthio)terephthalic acids. Macromolecules. 1994;27:1509-1516. 
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regions exist either as a matrix containing the amorphous domains or within in an amorphous 

matrix.158  The individual crystals usually are preferentially comprised of folded chain lamellae, 

which are approximately 10 nm thick with polymer chains folded back on themselves.  

Amorphous tie chains interconnect the lamellae with each other, and lamellae structures that 

align radially form a spherulitic morphology.159  

In quiescent crystallization, crystal growth proceeds from a nucleation process.  

Nucleation can occur due to random fluctuations of macromolecules that result in favorable 

alignment of the polymer chains called homogeneous nucleation.  Nucleation more commonly 

occurs at the interface of a second phase, which is termed heterogeneous nucleation.  For a 

symmetric polymer that can crystallize, crystallization growth occurs at a temperature between 

Tg and Tm.  Above Tm crystalline regions melt, and below Tg the chain does not possess sufficient 

segmental mobility to undergo nucleation.  Consequently, Tm-Tg defines the window for 

crystallization for chains with a single melting transition, and polymers with broader windows 

generally crystallize more readily.  For example, linear polyethylene that has a highly symmetric 

backbone and crystallizes very rapidly has a Tm-Tg of approximately 140 °C, while bisphenol-A 

polycarbonate, a polymer very slow to crystallize, has a window of only ca. 100 °C. 

Long-chain branching does not have a large influence on the Tg, while short chain 

branches often depress the Tg due to increases in free volume as discussed in the last section. 

However, both SCB and LCB have a significant effect on the level of crystallinity and crystalline 

melting.  For example, side chain branching in poly(a-olefin) homopolymers influences Tm 

through entropic considerations.  The Tm increases as the side chain increases from 0 carbons 

                                                 
158 Mandelkern L. Crystallization of polymers. Volume 1 Equilibrium concepts. Cambridge University Press, 2002. 
 
159 van Krevelen. Crystallinity of polymers and the means to influence the crystallization process. Chimia. 
1978;32:279-294. 
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(polyethylene) to 1 carbon (polypropylene) due to steric crowding of the backbone from the 

methyl group which influences the chain conformation in the melt.160  As the linear side chain is 

increased further from 1 carbon to 4 carbons long, the melting transition decreases.  In this case 

the longer side chains have increased flexibility thereby allowing a larger number of chain 

conformations in the melt, which results in a depression of Tm.  The Tm reaches a minimum at a 

branch length of 4 carbons and then increases again due to ordering and crystallization of the 

side chains.161  In fact, as the branch length is greatly extended to molecular weights above Me 

(LCBs), crystallization of the branch usually occurs. 

Up to this point the discussion has focused on isotactic short-chain branched 

homopolymers, which contained a branch on every repeat unit.  However, often SCBs are 

introduced into a polymer backbone in a random fashion by copolymerization.  The most widely 

studied and classic example is linear low-density polyethylene (LLDPE).  Copolymerizing 

ethylene with 1-butene, 1-hexene, or 1-octene results in LLDPE with branches of 2, 4, or 6 

carbons respectively.  Alamo et al. reported a decrease in Tm with SCB content for a series of 

ethylene copolymers due to disruption of local chain symmetry.162  However, the authors 

observed Tm was independent of the comonomer type, which suggested the three branch lengths 

were equally effective at disrupting crystallinity and did not become incorporated into the lattice.  

It is important to note that for the case of branching in polyesters it becomes more difficult to 

separate effects of branching and comonomer incorporation on Tm and crystallization growth 

since a multi-functional comonomer (f > 2) is used to induce branching.  Moreover, in typical 

                                                 
160 Mandelkern L. Crystallization of polymers. Volume 1 Equilibrium concepts. Cambridge University Press, 2002. 
 
161 Trafara, G, Koch R, Blum K, Hummel D. Main-chain and side-chain crystallinities of isotactic poly(1-
alkylethylene)s. 1. Thermoanalysis and x-ray diffraction of the higher homologues. Makromol. Chem. 
1976;177:1089-1095. 
 
162 Alamo R G, Viers B D, Mandelkern L. Phase structure of random ethylene copolymers:  A study of counit 
content and molecular weight as independent variables. Macromolecules. 1993;26:5740-5747. 
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step-growth polymerizations it is very difficult to determine exact branch length or even branch 

type (SCB vs. LCB). 

The role of comonomer incorporation, chain extension, and crosslinking of linear PETs to 

tailor the crystallization kinetics has been extensively studied.163,164,165  Several researchers have 

also explored the role of branching on thermal transitions and crystallization kinetics of PET and 

other polyesters. 166,167,168   In general, a depression and broadening of Tm coupled with lower 

degrees of crystallinity was observed with increasing branching content due to disruption of 

chain symmetry.  However, the polyesters were not well defined and there was no 

characterization of branch length or branch type.  Consequently, careful thermal and 

crystallization studies performed on branched polyesters with controlled branch placement and 

branch length would be a valuable contribution to this area.      

 

6.4 Controlling the biodegradation of aliphatic polyesters through branching 

Biodegradable polyesters are utilized in environmental plastics and biomedical applications.  

In particular, aliphatic polyesters based on lactic acid and/or glycolic acid are used for controlled 

                                                 
163 Jones J R, Liotta C L, Collard D M Schiraldi D A. Cross-linking and modification of poly(ethylene terephthalate-
co-2,6-anthracenedicarboxylate) by diels-alder reactions with maleimides. Macromolecules. 1999;32:5786-5792. 
 
164 Conner D M, Allen S D, Collard D M, Liotta C L, Schiraldi D A. Effect of linear comonomers on the rate of 
crystallization of copolyesters. J Appl Polym Sci. 2001;80:2696-2704. 
 
165 Ma H, Vargas M, Collard D M, Kumar S, Schiraldi D A. Crosslinking studies on poly(ethylene terephthalate-co-
1,4-phenylene bisacrylate). J Appl Polym Sci. 2004;91:1698-1702. 
 
166 Rosu R F, Shanks S N, Bhattacharya N. Synthesis and characterization of branched poly(ethylene terephthalate). 
Polym. Int. 1997;42:267-273. 
 
167 Ramakrishnan S, Jayakannan M. Effect of branching on the crystallization kinetics of poly(ethylene 
terephthalate). J. Appl. Polym. Sci. 1999;74:59-66. 
 
168 Jabarin S A. Crystallization kinetics of polyethylene terephthalate. II. Dynamic crystallization of PET. J. Appl. 
Polym. Sci. 1987, 34, 97. 
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drug delivery release, surgical sutures, prosthetics, and bone screws.169  The biodegradability of a 

polymer chain is dependent on the backbone structure and chemical composition.170  The rate of 

aliphatic polyester degradation is largely influenced by the hydrophilicity of the repeat unit, 

molecular weight, crystallinity, and the polymer environment.171  As discussed in the last section, 

short chain and long chain branching greatly affect the crystalline content of aromatic and 

aliphatic polyesters.  Much research has focused on tailored biodegradation by means of 

manipulating polyester chain architecture.  

The introduction of low amounts of comb shaped branches and hydrophilic units 

significantly decreased the crystallinity of poly(L-lactide) (PLLA).172  Kim et al. studied the 

biodegradation of unoriented n-octyl and ethyl branched PEA and PBS.173  It was observed that 

degradation rates were fastest for n-octyl branched PEA, while rates were relatively slower for 

both ethyl and n-octyl branched PBS due to reduced crystallinity of the former.  Tasaka et al. 

synthesized various comb-shaped poly(L-lactide)s with different architectures for controlled 

degradation for potential biomedical applications.174  Figure 2.15 shows a schematic of the 

PLLA combs with varying backbone molecular weight, arm molecular weight, and number of 

arms.  The researchers observed the degradation rate was not only dependent on the percent  

                                                 
169 Albertsson A-C, Varma I K. Aliphatic Polyesters: synthesis, properties, and applications. Adv. Polym. Sci. 
2002;157:1-40. 
170 Yoshikawa K, Ofuji N, Imaizumi M, Moteki Y, Fujimaki T. Molecular weight distribution and branched 
structure of biodegradable aliphatic polyesters determined by s.e.c.-MALLS. Polymer. 1996;7:1281-1284. 
 
171 John G, Tsuda S, Morita M. Synthesis and modification of new biodegradable copolymers: serine/glycolic acid 
based copolymers. J. Polym. Sci. Part A: Polym. Chem. 1997;35:1901-1907. 
 
172 Tasaka F, Miyazaki H, Ohya Y, Ouchi T. Synthesis of comb-type biodegradable polylactide through 
depsipeptide-lactide copolymer containing serine residues. 1999. Macromolecules. 32:6386-6389 
 
173 Kim M-N, Kim-K-H, Jin H-H, Park J-K, Yoon J-S. Biodegradability of ethyl and n-octyl branched poly(ethylene 
adipate) and poly(butylene succinate). E. Polym. J. 2001;37:1843-1847 
 
174 Tasaka F, Ohya Y, Ouchi T. Synthesis of novel comb-type polylactide and its biodegradability. Macromolecules. 
2001;34:5494-5500. 
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Figure 2.15. Schematic of polylactide combs with varying backbone molecular weight, arm 

molecular weight,  and number of arms [174]. 
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crystallinity, but also the molecular architecture.  Among the three different combs shown in 

Figure 2.15 the degradation rate increased significantly with the number of arms.  It should be 

noted that crystalline content decreased from 22 % to 14.6 % (as measured by DSC) with 

increasing number of arms, which would influence the PLLA degradation as well. 

For the controlled delivery of bioactive agents, it is often ideal to have uniform, 

continuous release patterns.175  Typically, drug release of peptides and proteins from linear 

polyesters yields discontinuous release profiles.176  Generally, proteins are impregnated into 

polyester microspheres through a emulsion technique.177  Researchers have modified aliphatic 

polyesters by introducing hydrophilic groups and branch points to circumvent the discontinuous 

release profiles.178  Breitenbach, Li, and Kissel reported the dependence of degradation kinetics 

and drug release patterns on the branching architecture from a series of star copolymers with 

polyethylene oxide (PEO) inner block and either a PLLA or poly(lactic-co-glycolic acid) (PLG) 

outer block.179  Both of the block star copolymers showed a more uniform release of an antibiotic 

during its degradation compared to linear PEO-PLLA and PEO-PLG block copolymers.  The 

improved release profile was attributed to the reduced crystallinity of the star block copolymers.  

Figure 2.16 compares the release of dextran from microspheres prepared from linear and 4-arm 

star poly(glycolic acid-b-ethylene oxide).  This uniform antibiotic release was attributed to  

                                                 
175 Weinhold A, Gurny R. Controlled and/or prolonged delivery of peptides from the hypothalamic pituitary axis. 
Eur. J. Pharm. Biopharm. 1997;43:115-131. 
 
176 Bodmer D, Kissel T, Traeschslin E. Factors influencing the release of peptides and proteins from biodegradable 
parenteral depot systems. J. Control Release. 1992;21:129-138. 
 
177 Kissel T, Li Y X, Volland C, Gorich S, Koneberg R. Parenteral protein delivery systems using biodegradable 
ABA-block copolymers. J. Control. Release. 1996;39:315-326. 
 
178 Breitenbach A, Kissel T. Biodegradable comb polyesters: part 1. Synthesis, characterization, and structural 
analysis o poly(lactide) and poly(lactide-co-glycolide) grafted onto water-soluble poly(vinyl alcohol) as backbone.  
Polymer. 1998;39:3261-3271 
 
179 Breitenbach A, Li Y X, Kissel T. Branched biodegradable polyesters for parenteral drug delivery systems. J 
Control Release. 2000;64:168-178. 
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Figure 2.16.  Comparison of the release profile of dextran from linear and star branched 

poly(glycolic acid-b-ethylene oxide) microspheres [179]. 
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slower initial degradation of the PEO blocks due to the larger number of connecting bonds 

between PEO and PLG.  Moreover, comb-branched polyesters with PLG arms grafted onto a 

hydrophilic, polyelectrolyte backbone also showed enhanced delivery profiles. 

 

2.2.5.  Summary and Future Directions 

This review outlined the influence of molecular architecture on the properties of 

polyesters, with the emphasis on both the effect of short and long chain branching on the melt 

rheological, thermal, and crystallization behavior.  A detailed summary of step-growth 

polymerization methodologies to synthesize randomly branched polyesters was provided.  In 

particular, controlling the ratio of mono-functional to multi-functional (f > 2) monomers provides 

the ability to form high molecular weight, long-chain branched polyesters without gelation.  The 

advantages and disadvantages of various analytical methods to determine the degree of 

branching and the branch molecular weight, Mb, were reviewed, including dilute solution 

methods, end-group analysis, and spectroscopic techniques.  The majority of the review focused 

on the melt and solution rheological behavior and included some features of the solid-state 

properties of both branched and linear polyesters.  Short-chain branches affect solid-state 

properties and limit chain crystallization, while long chain branches (Mb > Me) generally enhance 

h0 and provide early shear thinning onset due to longer relaxation times in the melt and 

concentrated solutions.  For high performance applications, long chain branching is utilized to 

control the rheological and processing properties, while short chain branching influences thermal 

behavior and mechanical properties. While the majority of this outline focused on the synthesis, 

rheological and solid-state properties of branched polyesters, some very limited discussion was 

devoted to the influence of branching on fiber formation and controlled biodegradation for drug-
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delivery applications.  As mentioned previously, little work has been performed on how SCB or 

LCB in polyesters affects thermal behavior.  Thus, careful studies need to be performed on well-

defined branched polyesters, where the branch length and branching composition are known 

exactly. 
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Chapter 3. Correlations of Solution Rheology and Electrospun Fiber 

Formation for Linear and Branched Polyesters 

(McKee M G, Wilkes G L, Colby R H, Long T E. Macromolecules 2004;37:1760-1767) 

 

3.1 Abstract  

 The effect of the entanglement concentration (Ce) on the electrospinning process for a 

series of linear and branched poly(ethylene terephthalate-co-ethylene isophthalate) (PET-co-PEI) 

copolymers with weight average molar mass (Mw) ranging from 11,700 g/mol to 106,000 g/mol 

and branching index values (g’) from 1.0 to 0.43 were investigated.  Analyzing the dependence 

of specific viscosity (hsp) on concentration enabled the determination of the semi-dilute 

unentangled and semi-dilute entangled regimes for the PET-co-PEI solutions.  Linear and 

branched copolymers were electrospun from semi-dilute unentangled, semi-dilute entangled, and 

concentrated solutions under identical conditions to determine the effects of concentration 

regime and molecular topology on electrospun fiber morphology.  The dependence of the fiber 

diameter and morphology on the zero shear rate viscosity (h0) and normalized concentration 

(C/Ce) were determined.  For copolyesters with molar masses well above the entanglement 

molecular weight, Ce was the minimum concentration required for electrospinning of beaded 

fibers, while 2 to 2.5 times Ce was the minimum concentration required for electrospinning of 

uniform, bead-free fibers.  When the concentration was normalized with Ce, the influence of 

chain length and topology on the electrospinning process was removed, and the fiber diameter 

universally scaled with the normalized concentration to the 2.7 power. 
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3.2 Introduction 

Traditionally, polymer fibers are spun using pressure-driven flow through an extruder, 

which yield fibers on the order of 10-100 mm in diameter.  The electrospinning process utilizes 

an electrostatic potential to create sub-micron size fibers on the order of 100 nm in diameter.180-

181 Electrospinning occurs when a charged polymer solution or melt, possessing sufficient 

molecular entanglements, emits a charged fluid jet in the presence of an electric field.  The 

charged jet follows a chaotic trajectory of stretching and splaying until it reaches its grounded 

target, thereby completing the circuit.  A charged droplet of solution suspended at the end of a 

capillary deforms into a conical shape, or Taylor cone, when subjected to a Coulumbic force.182  

The Taylor cone is formed due to a balancing of the repulsive nature of the charge distribution 

on the droplet’s surface and the surface tension of the liquid.183  As the charge is increased above 

a critical voltage, a stable jet is discharged from the tip of the Taylor cone.   

A jet of low molecular fluid breaks up into small droplets, a phenomenon termed 

electrospraying, while a polymer solution with sufficient chain overlap and entanglements does 

not break up, but undergoes a bending instability that causes a whip-like motion between the 

capillary tip and the grounded target.184  Researchers investigated the instabilities of the 

electrically forced jet and developed a model that relates the dependence of the bending 

                                                 
180 Reneker D H, Chun I. Nanometre diameter fibers of polymer, produced by electrospinning. Nanotechnology. 
1996;7:216-223 

181 Deitzel J M, Kleinmeyer D, Harris D, Beck Tan N C. The effect of processing variables on the morphology of 
electrospun nanofibers and textiles. Polymer. 2001;42:261-272. 

182 Taylor, G.I. Proceedings of the Royal Society of London, Series A 1969, 313, 453 

183 Reneker D H, Yarin A L, Fong H, Koombhongse S. Bending instability of electrically charged liquid jets of 
polymer solutions in electrospinning. J. Appl. Phys. 2000;87:4531-4547. 

184Hohman M M, Shin M, Rutledge G, Brenner M P. Electrospinning and electrically forced jets. 1. Stability theory. 
Phys. Fluids. 2001;13:2201-2220.. 
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instability on the electric field and solution flowrate.185  It is this bending instability that accounts 

for the high degree of single fiber drawing, which results in submicron size fibers.  The small 

fiber size and disordered deposition onto the grounded target yield non-woven, three-

dimensional, fiber mats with a high specific surface area, and a sub-micron degree of porosity.186  

The unique fibers are suitable as filtration devices, membranes, vascular grafts, protective 

clothing, and tissue scaffolding applications.187,188,189  Recently, simultaneous electrospinning of 

two polymer solutions yielded bicomponent submicron fibers that possessed properties of each 

of the polymer components.190 

The effects of processing variables including applied voltage, tip to target distance, and 

the feed rate of the solution to the capillary tip and solution properties like solvent, viscosity, 

concentration, conductivity, and surface tension on electrospun fiber morphology were 

extensively investigated for a variety of polymeric systems.191,192  It has been shown for many 

                                                 
185 Shin Y M, Hohman M M, Brenner M P, Rutledge G C. Experimental characterization of electrospinning: the 
electrically forced jet and instabilities. Polymer. 2001;42:9955-9967 

186Deitzel J M, Kosik W, McKnight, S H, Beck Tan N C, Desimone J M, Crette S. Electrospinning of polymer 
nanofibers with specific surface chemistry. Polymer 2002;43:1025-1029. 

187 Grafe T, Graham K. Polymeric nanofibers and nanofibers webs: a new class of nonwovens. Nonwoven 
Technology Review. 2003;51-55. 

188Kenawy E-R, Layman J M, Watkins J R, Bowlin, G L, Matthews  J A, Simpson D G, Wnek G E. Electrospinning 
of poly(ethylene-co-vinyl alcohol) fibers. Biomaterials. 2003;24:907-913. 

189Matthews J A, Wnek G W, Simpson D G, Bowlin G L. Electrospinning of collagen nanofibers. 
Biomacromolecules. 2002;3:232-238. 

190 Gupta P, Wilkes G L. Some investigations on the fiber formation by utilizing a side-by-side bicomponent 
electrospinning approach. Polymer 2003;44:6353-6359. 

191Megelski S, Stephens J S, Chase D B, Rabolt J F. Micro and nanostructured surface morphology on electrospun 
polymer fibers. Macromolecules. 2002;35:8456-8467. 

192 Lee K H, Kim H Y, La Y M, Lee D R, Sung N H. Influence of mixing solvent with tetrahydrofuran and N,N-
dimethylformamide on electrospun poly(vinyl chloride) nonwoven mats. J. Polym. Sci. Part B: Polym. Phys. 
2002;40:2259-2268. 
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polymer/solvent systems, that increasing the solution concentration or viscosity decreases the 

number of bead defects and increases the overall fiber diameter of the electrospun fibers.193  

Moreover, researchers have electrospun polymer solutions with varying concentration resulting 

in viscosities that ranged over an order of magnitude and reported the resulting fiber 

structure.194,195 However, more detailed investigations of the dependence of fiber morphology on 

solution rheological behavior in the literature are not reported.  For instance, the influence of the 

entanglement concentration (Ce) for a given polymer/solvent system on the electrospinning 

process is lacking. 

Colby et. al. measured the concentration dependence of viscosity of linear polymers in 

good solvents, and identified four different concentration regimes including the dilute, semi-

dilute unentangled, semi-dilute entangled, and concentrated regimes.196,197 The entanglement 

concentration, Ce, is the boundary between the semi-dilute unentangled  and semi-dilute 

entangled regimes, and is defined as the point at which significant overlap of the polymer chains 

topologically constrain the chain motion, causing entanglement couplings.198  Because of their 

higher segment density, branched polymers possess a smaller hydrodynamic volume than linear 

polymers of equivalent molecular weight, and consequently have a larger Ce compared to linear 

                                                 
193 Fong H, Chun I, Reneker D H. Beaded nanofibers formed during electrospinning. Polymer 1999;40:4585-4592. 

194 Zong X, Kim K, Fang D, Ran S, Hsiao B S, Chu B. Structure and process relationship of electrospun 
bioabsorbable nanofibers membranes. Polymer 2002;43:4403-4412. 
 
195 Jun Z, Hou H, Schaper A, Wendroff J H, Greiner A. Poly-L-lactide nanofibers by electrospinning – influence of 
solution viscosity and electrical conductivity on fiber diameter and fiber morphology. e-Polymers 2003 ISSN 1618-
7229 

196 Colby R H, Fetters L J, Funk W G, Graessley W W. Effects of concentration and thermodynamic interaction on 
the viscoelastic properties of polymer solutions. Macromolecules. 1991;24:3873-3882. 

197Krause W E, Bellomo E G, Colby R H. Rheology of sodium hyaluronate under physiological conditions. 
Biomacromolecules. 2001;2:65-69.. 

198Graessley W W. Polymer chain dimensions and the dependence of viscoelastic properties on concentration, 
molecular weight, and solvent power. Polymer. 1980;21:258-262. 
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chains.199  As concentration is increased into the concentrated regime (C** ), polymer chain 

entanglements dominate the flow behavior, and the chain dimensions become independent of 

concentration. 

Our objective is to identify the semi-dilute entangled concentration regime for a series of 

linear and randomly branched, partially aromatic polyesters and to determine the influence of Ce 

on the electrospinning process.  Herein, empirical relationships of solution rheology and 

electrospun fiber formation for a series of linear and branched poly(ethylene terephthalate-co-

ethylene isophthalate) (PET-co-PEI) copolymers are presented.  The synthesis of branched and 

functional polyesters has received significant attention in our laboratories.200,201,202 

 

3.3 Experimental 

3.3.1 Materials 

Dimethyl terephthalate (DMT), dimethyl isophthalate (DMI), ethylene glycol, trimellitic 

anhydride (TMA), trimethyl 1,3,5-benzene tricarboxylate (1,3,5-TMT), and trimethyl 1,2,4-

benzene tricarboxylate (1,2,4-TMT) were purchased from the Aldrich Chemical Company.  

Chloroform (CHCl3) and dimethyl formamide (DMF), were purchased from VWR.  All reagents 

and solvents were used as received without further purification. 

                                                 
199Burchard W. Solution properties of branched macromolecules. Adv. Polym. Sci. 1999;143:111-194. 
 
200 Lin Q, Unal S, Fornof A R, Yuping W, Li H, Arementrout S R, Long TE. Synthesis and characterization of 
poly(ethylene glycol) methyl ether endcapped poly(ethylene terephthalate).  Macromol. Symp. 2003;199:163-172. 

201 Kang H, Lin Q, Armentrout S R, Long T E. Synthesis and characterization of telechelic poly(ethylene 
terephthalate) sodiosulfonate ionomers.  Macromolecules 2002;35:8738-8744. 

202 Lin Q, Pasatta J, Wang Z-H, Ratta V, Wilkes G L, Long T E.  Synthesis and characterization of sulfonated liquid 
crystalline polyesters.  Polym. Int. 2002;51:540-546. 
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 3.3.2 Electrospinning Schematic   

The polyesters were dissolved in a 70/30 w/w mixture of CHCl3/DMF at various 

concentrations and placed in a 20 mL syringe, which was mounted in a syringe pump (KD 

Scientific Inc, New Hope, PA).  The positive lead of a high voltage power supply (Spellman 

CZE1000R; Spellman High Voltage Electronics Corporation) was connected to the 18-gauge 

needle of the syringe via an alligator clip.  A grounded, metal target (304-stainless steel mesh 

screen) was placed 24 cm from the tip of the syringe needle.  The syringe pump delivered the 

polymer solution at a controlled flowrate of 3 mL/h, while the voltage was kept constant at 18 

kV. 

3.3.3 Characterization   

Molecular masses were determined at 40 °C in chloroform (HPLC grade) at 1 mL min-1 

using polystyrene standards on a Waters SEC equipped with 3 in-line PLgel 5 mm MIXED-C 

columns with an autosampler, a 410 RI detector, a Viscotek 270 dual detector and an in-line 

Wyatt Technologies miniDawn multiple angle laser light scattering (MALLS) detector.  All 

samples were dissolved in CHCl3 and analyzed at 40 °C.  1H NMR spectroscopy was performed 

on a Varian Unity 400 spectrometer at 400 MHz in CDCl3.  Solution rheology was performed 

with a VOR Bohlin strain-controlled solution rheometer at 25 ± 0.2 °C using a concentric 

cylinder geometry.   Differential scanning calorimetry (DSC) was performed with a Perkin Elmer 

Pyris 1 DSC at a heating rate of 10 °C min-1 after quenching from 290 °C at room temperature 

under nitrogen.  Electrospun fiber diameter and morphology were analyzed using a LeoÒ 1550 

field emission scanning electron microscope  (FESEM).  Fibers for FESEM analysis were 

collected on a 1/4” X 1/4” stainless steel mesh, mounted onto an SEM disc, and sputter-coated 

with a 8 nm Pt/Au layer. 
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3.3.4 Synthesis of poly(ethylene terephthalate-co-ethylene isophthalate) 

An equimolar mixture of DMT and DMI and 100% excess ethylene glycol were added to 

a 250 mL round-bottomed flask equipped with a mechanical agitator.  1,3,5-TMT, 1,2,4-TMT or 

TMA (0 to 3.0 mol%), and the catalyst system (200 ppm Sb2O3, 20 ppm Ti(OR)4, and 60 ppm 

Mn(OAc)2), were added to the round bottom flask.  The reaction proceeded under nitrogen 

atmosphere and the temperature was raised from 190 °C to 220 °C to 275 °C in 2 hour 

increments.  Vacuum (0.1 to 0.2 mm Hg) was then initiated for 0.5 to 2 hours at 275 °C.  The 

product polymer was characterized using 1H NMR spectroscopy without further purification.  No 

low molecular weight cyclics were observed in the SEC traces. 

 

3.4 Results and Discussion 

3.4.1 Synthesis and characterization of randomly branched PET-co-PEI 

  A reaction scheme for the PET-co-PEI synthesis is shown in Figure 3.1.  DMT and DMI 

were reacted with ethylene glycol to form bis(hydroxyethyl) terephthalate which undergoes 

polycondensation to produce a high molar mass polyester as ethylene glycol is removed under 

vacuum.  DMT and DMI were selected as comonomers due to the respective para and meta 

substitution which disrupts the resulting polymer chain symmetry thereby reducing the level of 

crystallinity and increasing polymer solubility for subsequent electrospinning studies.   

Differential scanning calorimetry (DSC) revealed that the linear and branched PET-co-

PEI copolymers were completely amorphous with a glass transition temperature (Tg) at 

approximately 68 °C.  This is expected as the meta substitution of the dimethyl isophthalate 

disrupts the chain symmetry and prevents chain folding.  Moreover, the glass transition was  
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Figure 3.1.  Synthesis of branched PET-co-PEI copolymers. 
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independent of the degree of branching, as the Tg did not vary from 68 °C for any of the samples.  

This phenomenon has been reported previously for randomly branched PET.203   

1H NMR spectroscopy revealed that all the linear and branched copolymers inherently 

contained 2-3 mol% of diethylene glycol (DEG) units due to self-condensation of ethylene 

glycol.  Under these reaction conditions, this composition of DEG is consistent with the prior 

literature.204  Unfortunately, the branching composition could not be determined using 1H NMR 

spectroscopy since the peak integrations for the protons associated with the branching unit were 

convoluted with the aromatic protons in the polyester backbone.  Figure 3.2 shows the structures 

of the three different branching agents employed in the polycondensation reactions.  1,3,5-TMT 

and 1,2,4-TMT are trimethyl esters that only differ in substitution of the phenyl group.  TMA is 

also a trifunctional branching agent that undergoes anhydride ring opening during the step 

growth reaction. 

Due to the statistical nature of the branching reaction, the polyester weight average molar 

mass (Mw) and polydispersity (Mw/Mn) increased as the incorporation of branching agent was 

increased. To investigate the influence of branching on the electrospinning process, it is 

imperative that the linear and branched copolymers have the same Mw to deconvolute the effects 

of molar mass and branching.  Consequently, the polycondensation reaction time was reduced in 

the presence of a branching agent.  Table 3.1 lists the copolyesters that were synthesized and the 

corresponding polycondensation reaction times and molar mass data.  It is important to note that 

the final vacuum was 0.2 mm Hg. 

                                                 
203Jayakannan M, Ramakrishnan, S. Synthesis and thermal analysis of branched and “kinked” poly(ethylene 
terephthalate). J. Polym. Sci. Part A: Polym. Chem. 1998;36:309-317. 

204 Chen L-W, Chen J-W. Kinetics of diethylene glycol formation from bishydroxyethyl terephthalate with proton 
catalyst in the preparation of poly(ethylene terephthalate). J. Appl. Polym. Sci. 2000;75:1221-1228. 
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Table 3.1.  Reaction conditions and molar mass data for linear and branched PET-co-PEI 

Branching Agent 
Branching Agent 

Concentration 
(mol%) 

Vacuum Time 
(h) 

Mw (kg/mol) Mw/Mn 

N/A 0 0.5 11.7 1.6 

 0 1.0 54.2 1.6 

 0 2.0 77.3 1.6 

1,3,5-TMT 0.5 0.5 49.2 3.7 

 0.5 1.0 86.5 3.0 

 0.5 1.5 12 wt% gel 

 1.0 0.5 94.0 3.6 

 1.5 0.5 30 wt% gel 

TMA 0.5 0.3 30.0 2.3 

 0.5 0.5 92.5 2.9 

 0.5 1.0 130 3.4 

 0.5 1.5 56 wt% gel 

 1.0 0.5 176 6.6 

 1.5 0.5 > 99 wt% gel 

1,2,4-TMT 0.5 0.5 60.0 2.2 

 0.5 1.0 106 2.5 

N/A = not applicable 
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At 0.5 h vacuum time, increasing the concentration of 1,3,5-TMT branching agent from 0 

to 1.0 mol% increased the Mw from 11,700 to 94,000 g/mol and broadened the molar mass 

distribution from 1.8 to 3.6.  Moreover, increasing the 1,3,5-TMT branching content further to 

1.5 mol% produced PET-co-PEI with a significant gel content (30 wt% gel).  To match 

molecular weights for the linear and branched polyesters, the vacuum time was reduced to 

decrease the conversion of the branched macromolecules.  Table 3.1 illustrates approximately 

equivalent Mw were obtained for the linear (54,200 g/mol) and 0.5 mol% branched PET-co-PEI 

using 1,3,5 TMT and 1,2,4 TMT (49,200 g/mol and 60,000 g/mol respectively) when the 

reaction time for the branched polyester was 50% of the reaction time for the linear polyester.  

Other researchers have added a monofunctional compound to reduce the extent of conversion 

and hinder the onset of gelation.205  

The degree of branching in the PET-co-PEI copolymers was quantified using the 

branching index value (g’) discussed in Section 2.2.1a.  Table 3.2 shows the intrinsic viscosities 

of the branched and linear PET-co-PEI and the branching index values.  Since a branched chain 

has a higher segment density than a linear chain, a branched macromolecule occupies a smaller 

hydrodynamic volume than a linear polymer of equivalent molar mass.  Consequently, g’ = 1.0 

for a linear chain and g’ decreases from 1.0 as the degree of branching increases. 

As shown in Table 3.1 a significant gel fraction was observed for branching agent 

concentrations at 1.5 mol%.  Consequently, to produce soluble, highly branched PET-co-PEI 

with 3 mol% of 1,3,5-TMT, the addition of a monofunctional compound (dodecanol) prevented 

network formation.206  Table 3.2 depicts that the polymer with 3 mol% 1,3,5-TMT had a larger  

                                                 
205 Manaresi P, Munari A, Pilati F, Alfonso G C, Russo S, Sartirana L. Synthesis and characterization of highly 
branched poly(ethylene terephthalate). Polymer. 1986;27:955-960. 
 
206 Flory, P.J. Principles of Polymer Chemistry; Cornell University Press:  Ithaca, NY, 1953. 
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Table 3. 2.  Molar mass, intrinsic viscosity, and branching index values for PET-co-PEI series 

Branching 
Agent 

Branching 
Agent 

Concen. 
(mol%) 

Mw
a 

(kg/mol) Mw/Mn
a [h] branched

a
 

(dL/g) 
[h] linear

a 
(dL/g) 

g’a 

N/A 0 11.7 1.4 0.17 0.16 1.02 

N/A 0 77.3 1.6 0.55 0.58 0.95 

1,3,5-TMT 0.5 49.2 3.7 0.34 0.43 0.80 

1,2,4-TMT 0.5 106 2.5 0.55 0.78 0.70 

TMA 0.5 94.0 2.9 0.53 0.84 0.63 

1,3,5-TMT 3.0* 76.0 10.7 0.28 0.65 0.43 

*Addition of 15 mol% dodecanol 
N/A = not applicable 
a SEC conditions:  40 °C, CHCl3, MALLS and viscosity detector.  The contraction factor (g’) 
measurement has an error of ± .05 based on multiple SEC runs 



 
 

92 

number of branches than the rest of the series based on the very broad molar mass distribution 
(Mw/Mn = 10.7) and the low branching index value (g’ = 0.43 ). 

 

3.4.2 Solution rheology and determination of concentration regimes for linear and branched 

PET-co-PEI 

The concentration regimes for the PET-co-PEI solutions were determined using solution 

rheology measurements.  Shear rate sweeps from 80 to > 900 s-1 were performed on copolymer 

solutions ranging from 2 wt% to > 20 wt% in a 70/30 w/w CHCl3/DMF cosolvent at 25 ± 0.2 °C.  

All polyester solutions showed Newtonian behavior over this range of shear rates; however, it 

should be noted that shear thinning would occur at higher shear rates.  Figure 3.3 shows a plot of 

viscosity as a function of shear rate for a linear PET-co-PEI (Mw = 77,300 g/mol) at several 

different concentrations.  The zero shear rate viscosity (h0) increased from 2.1 to 820 cP as the 

concentration was increased from 2 wt% to 20 wt%.  The polymer contribution to the h0 was 

studied by defining the specific viscosity (hsp) in equation (2.18).  For neutral, linear polymers in 

a good solvent, hsp ~ C 1.0 in the dilute regime, hsp ~ C 1.25 in the semi-dilute unentangled regime, 

hsp ~ C 3.75 in the semi-dilute entangled regime, and hsp ~ C 3.6 in the concentrated regime.207  The 

hsp is plotted as a function of concentration in Figure 3.4 for the branched PET-co-PEI (Mw = 

49,200 g/mol  and g’ = 0.80).  Changes in the slope marked the onset of the semi-dilute 

unentangled, semi-dilute entangled, and concentrated regimes (CD).  The values of Ce and CD 

were found to be 7 wt% and 16 wt% respectively.  The dilute region was not determined here 

since rheology was not performed on polymer solutions less than 2 wt%. 

                                                 
207 de Gennes, P.G. Scaling Concepts in Polymer Physics; Cornell University Press:  Ithaca, NY, 1979. 
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Figure 3.3.  Dependence of viscosity on shear rate for linear PET-co-PEI (Mw = 77,300 g/mol) at 

various concentrations (2 to 20 wt% in 70/30 wt/wt CHCl3/DMF cosolvent). 
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Figure 3.4.  Dependence of specific viscosity on concentration for branched PET-co-PEI (Mw = 

46,000 g/mol and g’ = 0.8). 
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Figure 3.4 clearly shows that the semi-dilute unentangled regime hsp ~ C 1.39 is in good 

agreement with the theoretical predictions (i.e hsp ~ C 1.25).  In the semi-dilute entangled regime, 

the specific viscosity should scale with the polymer concentration to approximately the 3.75. 

power.  However, a slightly weaker dependence was observed in the semi-dilute entangled 

regime (hsp ~ C 2.7), which was attributed to the branched architecture of the PET-co-PEI 

copolymers.  Finally, in the concentrated region, the concentration exponent was 3.7 in good 

agreement with the theoretical scaling law exponent. 

Figure 3.5 shows the concentration dependence of the hsp for a linear PET-co-PEI 

copolymer with Mw = 11,700 g/mol.  The change in slope from 1.4 to 6.0 at 18 wt% marked Ce, 

the boundary between the semi-dilute unentangled and semi-dilute entangled regimes.  Similar 

analyses were performed for a series of linear and branched PET-co-PEI with varying levels of 

branching and molecular weights.  The results are summarized in Table 3.3. 

For the linear copolyesters (0 mol% branching agent), increasing Mw from 11,700 to 

77,300 g/mol decreased the entanglement concentration from 18 to 4.5 wt% because the low 

molecular weight chains occupy a smaller hydrodynamic volume and require a higher 

concentration before they begin to topologically constrain one another and entangle.  Table 3.3 

also indicates that branching has an influence on Ce.  When comparing linear PET-co-PEI with a 

Mw of 77,300 g/mol and a branched copolymer (0.5 mol% branching agent) with a Mw of 94,000 

g/mol and g’ = 0.63, the branched polymer has a higher entanglement concentration despite a 

higher Mw.  As the degree of branching was increased further to g’ = 0.43 for the 76,000 g/mol 

PET-co-PEI (3 mol% branching agent), Ce increased to 10 wt%.  This systematic increase in Ce 

was due to the higher segment density of the branched polymers and the branch points hindering 

chain overlap.  Consequently, only the outermost chain ends can entangle with each other.144 
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Figure 3.5.  Dependence of specific viscosity on concentration for linear PET-co-PEI (Mw = 

11,700 g/mol). 
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Table 3.3.  Ce values for linear and branched PET-co-PEI.  Ce increased as Mw decreased and g’ 

decreased. 

Mol% Branching 
Agent g’ Mw (kg/mol) Mw/Mn Ce (wt%) 

0 1.02 11.7 1.6 18 

0 0.95 54.2 1.7 6.0 

0 0.99 77.3 1.6 4.5 

0.5 0.80 49.2 2.4 7.0 

0.5 0.73 106 2.8 5.0 

0.5 0.63 94.0 2.9 5.5 

3.0 0.43 76.0 10.7 10 
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3.4.3 Electrospinning of branched PET-co-PEI 

Linear and branched PET-co-PEI samples were electrospun from a 70/30 w/w 

CHCl3/DMF cosolvent.  PET-co-PEI was soluble in CHCl3 at high concentrations, however the 

high vapor pressure (159 kPa) of CHCl3 caused rapid solvent evaporation during electrospinning 

that resulted in plugging of the syringe injection nozzle.  DMF is less volatile than CHCl3, 

however the copolymer is not soluble in DMF at high concentrations.  Consequently, a mixed 

solvent of 70/30 w/w CHCl3/DMF resulted in the desired solubility and volatility to facilitate 

electrospinning.  Low levels of residual DMF were present in the electrospun fibers, while the 

presence of CHCl3 was negligible.  It should be noted that solution rheology and electrospinning 

conditions for the series of copolymers were identical (~25 °C and 70/30 w/w CHCl3/DMF 

cosolvent), thereby ensuring the same hydrodynamic chain conformations in solution.  The 

processing conditions were held constant to discern the effects of chain length and molecular 

topology on morphology of the electrospun fibers.  Unless otherwise noted, all polymer solutions 

were electrospun at 18 kV potential, 3 mL/h flowrate from the syringe, and a 24 cm distance 

from the syringe tip to the grounded target.  The polymers that were selected for electrospinning 

are listed in Table 3, and exhibit a broad range of molar masses (11,700 to 106,000 g/mol) and 

degrees of branching (g’ values of 1.0 to 0.43).  It was assumed the surface tensions of the 

solutions at various concentrations did not significantly change.208  

The dependence of the electrospun fiber diameter on h0 for the branched and linear PET-

co-PEI is shown in Figure 3.6.  Three distinct fiber morphologies were identified depending on 

the h0 of the solution.  Polymer solutions with a h0 less than 10 cP produced polymer droplets 

when electrospun, while PET-co-PEI solutions with a h0 between 10 and 30 cP generated fibers  

                                                 
208 Zong X, Kim K, Fang D, Ran S, Hsiao B S, Chu B. Structure and process relationship of electrospun 
bioabsorbable nanofibers membranes. Polymer 2002;43:4403-4412. 
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Figure 3.6.  Dependence of electrospun fiber size on zero shear rate viscosity for linear and 

branched PET-co-PEI  (R2=0.91).  Three distinct regimes of morphology were observed 

depending on  h0:  polymer droplets, beaded nanofibers, and defect-free fibers 
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with beads as shown in Figure 3.6.  Finally, electrospinning solutions with a h0 greater than 30 

cP yielded defect-free, uniform fibers.  Moreover, the fiber diameter increased with h0 by the 

relationship, 

     [ ] 8.0
005.0 h=Diam      (3.1)  

where the fiber diameter is in microns.  An increase in the zero shear rate viscosity indicated a 

larger number of entanglement couplings, thereby generating larger electrospun fibers. 

Figure 3.7 shows FESEM images of fibers electrospun using 8 to 20 wt% solutions of 

branched PET-co-PEI (Mw of 76,000 g/mol and g’ = 0.43).  It should be noted that all FESEM 

images were taken at the same magnification.  Table 3.3 illustrates that the Ce for the branched 

copolymer is 10 wt%.  The fiber morphology was dependent on the concentration regime from 

which the polymer was electrospun.  In Figure 3.7a, it is clear that polymer solutions that were 

electrospun from solutions below the Ce of 10 wt% did not yield fibers, and only polymer 

droplets were observed.  Because there is no topological constraint or entanglements between 

polymer chains in solutions below Ce, the jet could not withstand the surface tension of the 

solution or the force of the electric field and the jet broke up into droplets.  When the 

concentration was raised to the Ce, (10 wt%), fiber formation was observed between the polymer 

droplets (Figure 3.7b).  As the concentration was raised beyond Ce, droplets and nanofibers were 

produced with an average fiber diameter of 0.25 mm (Figure 3.7c).  For the 16 wt% and 18 wt% 

solutions above Ce (10 wt%), beaded electrospun fibers were generated with diameters on the 

order of 0.70 and 0.90 mm respectively (Figure 3.7d and 3.7e).  It is important to note, the change 

from predominately spherical beads to elongated bead in Figures 3.7d and 3.7e.  This 

phenomenon was previously reported in the literature.193  Above Ce, the high degree of chain 

overlap resulted in chain constraint and the formation of entanglement couplings.  Figure 3.7f  
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(a):  8 wt% C < Ce (b):  10 wt% C = Ce

c):  12 wt% C > Ce (d):  16 wt%

(e):  18 wt% (f):  20 wt% C = 2Ce

(a):  8 wt% C < Ce (b):  10 wt% C = Ce

c):  12 wt% C > Ce (d):  16 wt%

(e):  18 wt% (f):  20 wt% C = 2Ce  

Figure 3.7.  FESEM images of electrospun fibers of branched PET-co-PEI (Mw = 76,000 g/mol, 

g’ = 0.43, Ce = 10 wt%) at several concentrations (8 to 20 wt%). 
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shows uniform, defect-free fibers with an average diameter of 1.2 mm from electrospinning a 

solution 2 times Ce. As the number of entanglements increased, the solution viscosity increased, 

thereby facilitating the formation of defect-free fibers.   

Linear PET-co-PEI and branched PET-co-PEI of equivalent Mw exhibited similar 

behavior over the same concentration regimes.  Figure 3.8 shows FESEM images of a linear 

copolyester (Mw of 77,300 g/mol and Ce = 4.5 wt%).  Below the Ce of 4.5 wt%, polymer droplets 

were primarily formed (Figure 3.8a).  As the concentration was increased above Ce, beaded 

nanofibers were formed with average fiber diameters of 0.50 mm (Figure 3.8b).  When the linear 

copolyester was electrospun from solutions above 2 times Ce (10 wt%), uniform, defect-free 

fibers were formed with average fiber diameters of 1.5 mm (Figure 3.8c).  As the concentration 

was increased further to 12 wt% and 17 wt%, uniform fibers with nominal diameters of 2.5 and 5 

mm were respectively electrospun (Figures 3.8d and 3.8e).  Attempts to electrospin 20 wt% 

solutions of the linear PET-co-PEI were unsuccessful unless the syringe pump flowrate was 

increased to 20 mL/h to overcome the high viscosity of the solution and initiate jet formation.  

This resulted in the formation of large fibers > 10 mm in diameter (Figure 3.8f). 

For the majority of copolymers listed in Table 3.3, Ce was the minimum concentration 

required for electrospinning of beaded nanofibers, while 2 to 2.5 times Ce was the minimum 

concentration required for electrospinning uniform, defect-free fibers.  However, a different 

concentration dependence of fiber morphology was observed for the 11,700 g/mol linear PET-

co-PEI (Ce = 18 wt%).  It can be seen in Figure 24 that the concentration was increased well 

above Ce before beaded fibers were formed.  Electrospinning from 18 wt% and 20 wt% solutions 

both resulted in polymer droplets (Figures 3.9a and 3.9b).  There was no presence of fibers until 

the concentration was raised to 20% above Ce, (Figure 3.9c).  Finally, electrospinning from 26  
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(a):  3.5 wt% C < C (b):  6 wt% (C > Ce)

(c):  10 wt% (C = 2.2Ce) (d):  12 wt%

(e):  17 wt% (f):  20 wt%

(a):  3.5 wt% C < C (b):  6 wt% (C > Ce)

(c):  10 wt% (C = 2.2Ce) (d):  12 wt%

(e):  17 wt% (f):  20 wt%
 

Figure 3.8.  FESEM images of electrospun fibers of linear PET-co-PEI (Mw = 77,300 g/mol, Ce = 

4.5 wt%) at several concentrations (3.5 to 20 wt%). 
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(a):  18 wt% C = Ce (b):  20 wt% C >  Ce

(c):  22 wt%
(d):  24 wt%

(f):  28 wt%

(a):  18 wt% C = Ce (b):  20 wt% C >  Ce

(c):  22 wt%
(d):  24 wt%

(f):  28 wt%
 

Figure 3.9.  FESEM images of electrospun fibers of linear PET-co-PEI  (Mw = 11,700 g/mol, Ce 

= 18 wt%) at several concentrations (18 to 28 wt%). 
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wt% and 28 wt% solutions produce beaded nanofibers with nominal diameters of 0.20 and 0.40 

mm respectively (Figures 3.9d and 3.9e).  Since 11,700 g/mol is not far above the critical molar 

mass for entanglements of PET-co-PEI in the melt, it is more difficult for the low molecular 

weight chains to form entanglements couplings, thereby favoring droplet formation or 

electrospraying. 

The concentration dependence of the electrospun fiber diameter is summarized for the 

PET-co-PEI series in Figure 3.10.  The diameter of the linear and branched PET-co-PEI fibers 

showed a ~3.0 power law dependence on solution concentration.  The same power law 

relationship has been reported for other electrospun fiber systems.209  In Figure 3.10, the intercept 

of each curve is different since the series covers a range of molar masses and degrees of 

branching.  Consequently, in order to generate equivalent size fibers with this series of 

copolymers, the solution concentration was increased as the critical entanglement concentration 

of the respective polyester increased.  For example, to produce fibers with an average diameter 

of 0.50 mm, the linear copolymers of Mw = 11,700 g/mol and Mw = 77,300 g/mol were 

electrospun from >28 wt% and 7 wt% solutions respectively since the 11,700 g/mol copolyester 

possessed a Ce four times that of the 77,300 g/mol copolymer.  Finally, in Figure 3.10, the fiber 

diameter vs. concentration curve for the branched copolyesters were intermediate of the two 

linear copolymers because their entanglement concentrations were intermediate to those for the 

linear PET-co-PEI copolymers (see Table 3.3). 

These curves in Figure 3.10 were superimposed when the solution concentration of each 

polyester were normalized with its respective Ce value.  Figure 3.11 shows the superimposed 

curve for the dependence of normalized solution concentration on fiber diameter for the PET-co- 

                                                 
209 Demir M M, Yilgor I, Yilgor E, Erman B. Electrospinning of polyurethane fibers. Polymer 2002;43:3303-3309 
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Figure 3.10.  Dependence of fiber diameter on concentration for a series of linear and branched 

PET-co-PEI copolymers. 
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Figure 3.11.  Dependence of fiber diameter on normalized concentration for the PET-co-PEI 

series. 
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PEI series, where the error bars represent the fiber size distribution.  The influence of chain 

length and branching architecture on the electrospinning process was removed when the solution 

concentration was normalized with Ce. The fiber diameter scaled with the normalized 

concentration as, 

7.2

~ �
�

�
�
�

�

eC
C

Diam      (3.2) 

where C is the polymer concentration in solution and Ce the entanglement concentration.  In 

Figure 3.11, the shaded region marks 2 to 2.5 times Ce, which was the minimum concentration 

required to electrospin high specific surface area, defect-free fibers.   Eq. (3.2) was predicted 

when a single equation was fit to the hsp vs. concentration data in Figure 3.5 for the semi-dilute 

entangled and concentrated regions, predicting C ~ hsp 
3.3.  When this relationship was 

substituted into Eq. (3.1), it was predicted that Diam ~ C 2.7, which is identical to the scaling 

argument in Eq. (3.2).  Future work will address the sensitivity of the relationship in Eq. (3.2) to 

process parameters, including volumetric flowrate and electric field strength. 

 Recently Shenoy and Wnek et al. developed a semi-empirical relationship, which 

predicted the onset of fiber formation a priori based on Mw, polymer concentration (c), and the 

entanglement molar mass in the melt phase (Me).
210  The model was based on the solution 

entanglement number (ne)soln as defined in Eq. (3.3). 

( )
( ) ln

ln
soe

w
soe M

M
n =      (3.3) 

(Me)soln is the entanglement molar mass in solution, and is related to Me by: (Me)soln = Me/c  

Consequently, Eq. (3.3) can be rewritten as, 

                                                 
210 Shenoy S L, Bates D W, Frisch H L, Wnek G E. Role of chain entanglements of fiber formation during 
electrospinning of polymer solutions: good solvent, non-specific polymer-polymer interaction limit. Polymer 
2005;46:3372-3384. 
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( )
e

w
soe M

cM
n =ln      (3.4) 

 The authors showed that the onset of fiber formation for polymers in a good solvent that 

do not display intermolecular interactions corresponded to a value of (ne)soln = 2.  Moreover, the 

authors observed uniform, or bead-free, fiber production when (ne)soln was greater than 3.5.  This 

model is completely consistent with the present work, which describes Ce as the minimum 

concentration for fiber formation, and 2 to 2.5 Ce as the minimum concentration for bead-free 

fiber formation.  In Eq. (3.4) if Mc is substituted for Me , assuming the general relationship Mc ~ 

2Me, where Mc is the critical entanglement molar mass that separates the dependence of h0 on 

Mw, we get Eq. (3.5). 

( )
c

w
soe M

cM
n

2
ln =      (3.5) 

As mentioned previously, Shenoy et al. showed that (ne)soln = 2 for the onset of electrospun fiber 

production.  For this specific case Eq. (3.5) reduces to (Mwc)/Mc = 1.  Colby et al. also postulated 

that Ce = Mc/Mw,211 which simply states that for the case of (ne)soln = 2, c = Ce.  Consequently, 

our argument that Ce is the minimum concentration for fiber formation is in excellent agreement 

with the model proposed in Eq. (3.3).   

 

3.5 Conclusions 

The implications of the semi-dilute unentangled and semi-dilute entangled concentration 

regimes on the electrospinning process were determined for a series of linear and branched PET-

co-PEI copolymers.  Branching index and gel fractions revealed differences in branch structure 

                                                 
211 Colby R H, Fetters L J, Funk W G, Graessley W W. Effects of concentration and thermodynamic interactions on 
the viscoelastic properties of polymer solutions. Macromolecules 1991;24:3873-3882. 
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depending on the branching agent used.  In particular, polyesters polymerized in the presence of 

TMA showed more highly branched topologies compared to those polymerized with 1,3,5-TMT 

or 1,2,4-TMT.  Analyzing the dependence of specific viscosity (hsp) on concentration enabled 

the determination of the semi-dilute unentangled, semi-dilute entangled, and concentrated 

regimes for the PET-co-PEI solutions.  For equivalent molar masses, Ce increased with 

branching due to the higher segment density of the branched polymers and the branch points 

hindering chain overlap and entanglement. 

Linear and branched copolymers were then electrospun from the semi-dilute unentangled 

and semi-dilute entangled regions to determine the effects of concentration regime and molecular 

topology on electrospun fiber morphology.  Fiber morphology was dependent on the zero shear 

rate viscosity, with the presence of three distinct morphology regimes: polymer droplets, beaded 

nanofibers, and uniform, defect-free fibers.  Moreover, the fiber diameter scaled with the h0 to 

the 0.8 power.  For most of the copolymers studied, Ce was the minimum concentration required 

for electrospinning of beaded nanofibers, while 2 to 2.5 times Ce was the minimum concentration 

required for electrospinning uniform, defect-free fibers.  Low molar mass (Mw = 11,700 g/mol), 

linear PET-co-PEI required C > Ce to form beaded fibers since this is not far above the critical 

molecular weight for entanglements of PET-co-PEI in the melt.  When the concentration was 

normalized using Ce, the influence of chain length and branching architecture on the 

electrospinning process was removed, and the fiber diameter universally scaled with the 

normalized concentration to the 2.7 power. 
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Chapter 4. Electrospinning of Linear and Highly Branched 

Segmented Poly(urethane urea)s 

(McKee M G, Park T, Unal S, Yilgor I, Long T E. Polymer 2005, 46:2011-2015) 
 

4.1 Abstract 

Electrospun fibrous mats were formed from linear and highly branched poly(urethane 

urea)s.  The highly branched poly(urethane urea)s were synthesized using an A2 + B3 

methodology, where the A2 species is an oligomeric soft segment.   Since the molecular weight 

of the A2 oligomer is above the entanglement molecular weight, the highly branched polymers 

formed electrospun fibers unlike typical hyperbranched polymers that do not entangle.  Stress-

strain experiments revealed superior elongation for the electrospun fibrous mats.  In particular, 

the highly branched fiber mats did not fail at 1300% elongation, making the electrospun mats 

promising for potential applications where enhanced tear strength resistance is required. 

 

4.2  Introduction 

Polyurethanes are used in a large number of commercial applications, including fiber 

production, coatings, and adhesives.212  The synthesis of segmented polyurethanes with 

alternating hard and soft segments, typically result in a microphase separated morphology, which 

displays highly elastomeric behavior that is suitable for elastomeric fiber applications.213  In 

general, the hard segments form crystalline regions due to strong hydrogen bond associations 

between the urea or urethane groups, while the soft segments form the continuous phase and 

                                                 
212 Stevens MP. Polymer Chemistry an Introduction, Oxford University Press, New York, 1999. 

213 Oertel G. Polyurethane Handbook, 2nd Edition; Hanser Publishers, New York, 1994, p. 629 
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remain amorphous.214  Recently, significant research attention has illustrated the importance of 

hydrogen bonding and percolation through the hard phase on the performance of polyurethanes 

in foam and elastomer applications.215,216,217,218  For example, structure-property relationships of 

well-defined polydimethylsiloxane (PDMS) based segmented copolymers displayed the 

influence of hydrogen bonding in the hard segment on the thermal and mechanical properties of 

the copolymers.219,220  In particular, a linear relationship between the hard segment content and 

tensile strength was developed for the segmented copolymers.  Silicone-urea copolymers with a 

very high urea hard segment content (42 wt%), are achievable using isopropyl alcohol (IPA) as 

the polymerization solvent, and tensile strengths greater than 20 MPa were observed.221  The 

synthesis of segmented poly(ether-ureas) in IPA was recently investigated using in-situ FTIR 

spectroscopy in our laboratories.222  Since segmented linear poly(urethane urea) copolymers 

                                                 
214 Szycher MS. Szycher’s Handbook of Polyurethanes; CRC Press, New York, 1999 
 
215 O’Sickey M J, Lawrey B D, Wilkes G L. Structure-property relationships of poly(urethane-urea)s with ultra-low 
monol content poly(propylene glycol) soft segments. Part II. Influenc of low molecular weight polyol components. 
Polymer 2002;43:7399-7408. 

216 Aneja A, Wilkes G L. On the issue of urea phase connectivity in formulations based on molded flexible 
polyurethane foams. J. Appl. Polym. Sci. 2002;85:2956-2967. 

217 Aneja A, Wilkes G L. Hard segment connectivity in low molecular weight model ‘trisegment’ polyurethane 
based monols. Polymer 2004;45:927-935. 
 
218 Sheth J P, Klinedinst D B, Wilkes G L, Yilgor I, Yilgor E. Role of chain symmetry and hydrogen bonding in 
segmented copolymers with monodisperse hard segments. Polymer 2005;46:7317-7322. 
 
219 Tyagi D, Yilgor I, McGrath J E, Wilkes G L. Segmented oranosiloxane copolymers. 2. Thermal and mechanical 
properties of siloxane-urea copolymers. Polymer 1984;25:1807-1816. 

220 Yilgor E, Yilgor I. Hydrogen bonding: a critical parameter in designing silicone copolymers. Polymer 
2001;42:7953-7959. 
 
221 Yilgor E, Atilla G E, Ekin A, Kurt P, Yilgor Y. Isopropyl alcohol: an unusual, powerful ‘green’ solvent for the 
preparation of silicone-urea copolymers with high urea content. Polymer 2003;44:7787-7793. 

222 Yilgor I, Mather B, Unal S, Yilgor E, Long T E. Preparation of segmented, high molecular weight, aliphatic 
poly(ether-urea) copolymers in isopropanol. In-situ FTIR studies and polymer synthesis. Polymer 2004;45:5829-
5836. 
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display high tensile strength and elastomeric behavior, many researchers have utilized 

electrospinning as a means to form sub-micron fibers of linear segmented poly(urethane 

ureas).223,224,225 

Electrospinning occurs when a charged polymer solution or melt that possesses chain 

entanglements emits a fluid jet in the presence of an electric field.226  The jet undergoes a fluid 

instability, which causes a whip-like motion of the jet, thereby greatly increasing the path-length 

and degree of stretching that the filament undergoes before collection on a target.227 The 

resulting electrospun nonwoven fiber mats possesses a high specific surface area, high porosity, 

and small pore size, which lend themselves to a wide range of applications including filtration 

devices, membranes, vascular grafts, protective clothing, reactive templates, and tissue 

scaffolds.228229  Previous tensile analyses of electrospun polyurethane fibers showed distinctly 

different mechanical properties compared to a film.223  In particular, the fibers showed a lower 

elongation and a higher stress at equivalent elongation compared to the polyurethane film.  

Recently, simultaneous electrospinning of poly(vinyl chloride) and segmented polyurethane 

                                                 
223 Pedicini A, Farris R J. Mechanical behavior of electrospun polyurethane. Polymer 2003;44:6857-6862. 
 
224 Demir M M, Yilgor I, Yilgor E, Erman B. Electrospinning of polyurethane fibers. Polymer 2002;43:3303-3309. 
 
225 Lee K H, Kim H Y, Ryu Y J, Kim K W, Choi S W. Mechanical behavior of electrospun fiber mats of poly(vinyl 
chloride)/polyurethane polyblends. J. Polym. Sci. Part B: Polym. Phys. 2003;41:1256-1262. 

226 Reneker D H, Chun I. Nanometre diameter fibers of polymer, produced by electrospinning. Nanotechnology. 
1996;7:216-223 
 
227 Shin Y M, Hohman M M, Brenner M P, Rutledge G C. Experimental characterization of electrospinning: the 
electrically forced jet and instabilities. Polymer. 2001;42:9955-9967. 

228 Gibson P, Schreuder-Gibson H, Rivin D. Transport properties of porous membranes based on electrospun 
nanofibers. Colloids and Surfaces A: Physiochemical and Engineering Aspects 2001;187-188:469-481. 
 
229 Kenawy E-R, Layman J M, Watkins J R, Bowlin, G L, Matthews  J A, Simpson D G, Wnek G E. Electrospinning 
of poly(ethylene-co-vinyl alcohol) fibers. Biomaterials. 2003;24:907-913. 
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solutions in a side-by-side setup, yielded bicomponent submicron fibers that possessed properties 

of each of the polymer components.230   

Previously, our laboratories have electrospun both linear and randomly branched polyesters, 

and developed relationships between fiber morphology and the entanglement concentration 

(Ce).
231  Fibers formed from a branched polymer exhibit advantages over fibers formed from 

linear analogs.  Branching allows (1) control of chain end concentration for tailored 

functionalization, (2) controlled degradation for specific drug delivery profiles, and (3) reduced 

viscosity for potential melt processing of nanofibers.  To date, a comparison of the mechanical 

behavior of linear and branched poly(urethane urea) electrospun fibers has not received attention.  

Earlier, the synthesis of novel poly(alkyl methacrylates) with pendant quadruple hydrogen 

bonding groups that associated in nonpolar environments was investigated in our laboratories, 

and the influence of strong hydrogen bonding on electrospun fiber formation was elucidated.232  

Herein, the electrospinning performance and mechanical properties of linear and well-defined 

highly branched segmented poly(urethane urea)s are discussed.   

 

4.3 Results and Discussion 

The highly branched poly(urethane urea)s were synthesized using an A2 + B3 methodology, 

where the A2 species is an oligomeric soft segment, described elsewhere.233   If the molar mass 

                                                 
230 Gupta P, Wilkes G L. Some investigations on the fiber formation by utilizing a side-by-side bicomponent 
electrospinning approach. Polymer 2003;44:6353-6359. 
 
231 McKee M G, Wilkes G L, Colby R H, Long T E. Correlations of solution rheology and electrospun fiber 
formation for linear and branched polyesters. Macromolecules 2004;37:1760-1767 
 
232 McKee M G, Elkins C L, Long T E. Influence of self-complementary hydrogen bonding on solution 
rheology/electrospinning relationships. Polymer 2004;45:8705-8715. 
 
233 Unal S, Yilgor I, Yilgor E, Sheth J P, Wilkes G L, Long T E. A new generation of highly branched polymers: 
hyperbranched, segmented poly(urethane urea) elastomers. Macromolecules 2004;37:7081-7084. 
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of the A2 oligomer is above the entanglement molar mass (Me), these highly branched polymers 

form electrospun fibers unlike typical hyperbranched polymers that do not entangle.  Table 4.1 

summarizes the hard segment composition, soft segment molecular weight, the weight average 

molar masses, and the electrospinning conditions for the linear and highly branched 

poly(urethane urea)s.  The soft segments of both copolymers consisted of 2000 g/mol 

poly(tetramethylene oxide) (PTMO) (Me = 1200 g/mol in the melt phase), while the hard 

segment composition was 30 wt% and 35 wt% for the highly branched and linear copolymer 

respectively.  Absolute molar mass determination was performed with a triple detector size 

exclusion chromatography (SEC) column.  Due to differences in their solubilities, the linear (Mw 

= 42,000 g/mol, Mw/Mn = 1.56) and branched (Mw = 91,900 g/mol, Mw/Mn = 5.78) poly(urethane 

urea)s were respectively dissolved in tetrahydrofuran and hexafluoroisopropanol for the SEC 

measurements.  Electrospinning conditions were constant at 20 kV, 10 mL/h volumetric flow 

rate, and 20 cm from the syringe needle to the collecting target.  Nonwoven fiber mats 

(approximately 10 cm x 10 cm) were collected for the linear and highly branched polymers with 

average fiber diameters of 4.0 ± 1.5 mm.  Field emission scanning electron microscopy (FESEM) 

images of the fibers are shown in Figure 4.1.  Both linear and highly branched segmented 

copolymers formed uniform electrospun fibers without bead defects, suggesting the polymer 

concentrations shown in Table 4.1 are above 2Ce, where Ce is a function of chain length, 

molecular topology, and intermolecular interactions.  Surprisingly, the solutions of linear and 

highly branched poly(urethane urea)s displayed significantly different zero shear rate viscosities 

(h0) despite forming similar size fibers, where the h0 for the linear solution was 420 cP and the 

h0 of the highly branched solution was 160 cP.  Figure 4.2 shows that over the shear rate range 

studied, the segmented copolymers displayed Newtonian behavior. Despite having a higher  
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Table 4.1.  Description of linear and highly branched poly(urethane urea)s 

Polymer 
Architecture 

Hard Segment 
Composition 

(wt%) 

Soft 
Segment 

Mn (g/mol) 

Mw 
(g/mol)a 

Mw/Mn
a Solution 

Concentration 
(wt%)b 

Electrospinning 
Solvent (wt:wt)b 

Linear 35 wt% 2000  42000 1.56 10.0 1:4 THF:IPA 

Highly 
branched 

30 wt% 2000  91900 5.78 10.8 1:2 THF:IPA 

aSEC solvent:  tetrahydrofuran for linear polymer and hexafluoroisopropanol for highly branched 
polymer 

bElectrospinning conditions:  20 kV, 10 mL/h, 20 cm distance from syringe to collector 
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b) Highly branched poly(urethane urea)a) Linear poly(urethane urea) b) Highly branched poly(urethane urea)a) Linear poly(urethane urea)  

Figure 4.1.  FESEM images of electrospun poly(urethane urea) fibers.  The electrospinning 

conditions were 20 kV, 10 mL/h, and 20 cm distance from the syringe tip to the collector 
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Figure 4.2.  Shear rate dependence of viscosity for linear and highly branched poly(urethane 

urea) segmented copolymers.  Both copolymers showed Newtonian behavior over the range of 

shear rates investigated. 
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absolute Mw, the highly branched polymer displayed a lower h0 compared to the linear chain due 

to its reduced hydrodynamic volume.  

Stress-strain experiments were performed using dog bone samples cut from a die as specified 

in ASTM D3368, and the tensile testing was performed on a 5500R Instron® universal testing 

machine at a crosshead displacement rate of 15 mm/min.  Reported tensile values were obtained 

from an average of five dog bone samples cut from each electrospun mat to ensure there was no 

heterogeneity in thickness within the nonwoven mat.  Figure 4.3 compares the stress-strain 

behavior of linear and highly branched poly(urethane urea) electrospun fiber mats to a film 

prepared from the linear poly(urethane urea).  Since the non-woven fiber mats were not 

continuous and contained a high degree of sub-micron porosity, the apparent stress was 

evaluated by employing the equivalent thickness (teq) of the electrospun mat.  The teq is defined 

as, 

A
m

teq r
=      (4.1) 

where m, r , and A corresponds to the dog bone specimen mass, density, and the area of the die, 

respectively.  Figure 4.3 shows that both the linear and highly branched electrospun fiber mats 

exhibited higher elongation before break than the corresponding linear poly(urethane urea) film.  

The linear film failed at 830% elongation, while the linear electrospun fibers failed at 970% 

elongation, although these values are nearly within the standard deviation of the measurement.  

However, the highly branched fibrous mat did not fail at 1300% elongation.  The higher 

elongation at break for the highly branched compared to the linear membrane may be a result of 

different electrospinning solvents.  Khil et al. reported a higher concentration of point-bonded 

contacts between fibers with increasing solvent volatility [30].  Since the highly branched 

poly(urethane urea) was electrospun from a THF rich solvent compared to the linear, the  
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Figure 4.3.  Stress-strain results for linear and highly branched segmented poly(urethane urea)s.  

Comparison of the tensile performance of electrospun fiber membranes to a poly(urethane urea) 

film.  Failure at break is denoted by the X, and the highly branched fibrous mat did not break at 

1300% elongation. 
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significantly larger elongation at break may be attributed to a higher concentration of point-

bonded contacts between individual fibers. 

The improved elongation behavior of the electrospun fibers compared to the 

poly(urethane urea) film is attributed to increased tear resistance of the fiber mats compared to 

the neat poly(urethane urea) film at high elongation.234  Unlike the poly(urethane urea) film, 

which exhibited relatively poor resistance to tear, the interconnected, network structure of the 

electrospun fibers hindered tear propagation, which resulted in higher elongations prior to break.  

In fact, the oscillations in the stress-strain curve for the linear fibrous mat, which occurred at 

approximately 1000% strain, were a result of the interconnected fibers preventing tear 

propagation.  Table 4.2 shows a summary of the stress-strain results for the segmented 

copolymer fiber mats and film.  The Young’s modulus for the linear and highly branched fiber 

mat was 1 to 4 MPa, which was significantly lower than the bulk film (17 MPa) due to the 

discontinuous, microporous nature of the nonwoven fibers.  As mentioned previously, the linear 

and highly branched fibrous mats displayed enhanced elongation behavior compared to the film.  

After 1300% elongation, the highly branched fiber mat exhibited only minor permanent set 

(21%), indicating the nonwoven fibers formed a highly elastic interconnected network structure.   

 

4.4 Conclusions 

In conclusion, electrospun membranes were formed from linear and highly branched 

poly(urethane urea)s.  Although much work has focused on using branched polymers for  

                                                 
234 Freakley PK, Payne AR. Theory and Practice of Engineering with Rubber. Applied Science Publishers LTD, 
London, 1978. pp.642-643. 
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Table 4.2.   Stress-strain summary for the poly(urethane urea) electrospun fiber mats and film. 

Material 
Young’s 

Modulus (MPa) 
Strain at Break 

(%) 
Stress at Break 

(MPa) 
Permanent Set 

(%) 

Linear film 17 ± 1 830 ± 61 38 ± 9 failed 

Linear fiber mat 3.7 ± 0.4 970 ± 100 10 ± 1 failed 

Highly branched 
fiber mat 

1.3 ± 0.3 > 1300 % N/A 21 ± 7 

N/A = sample did not break, stress at 1300% elongation (4.5 ± 0.5 MPa) 
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conventional spinning processes235236, this is the first example of the formation of elastic 

electrospun fibers from a highly branched polymer architecture.  Stress-strain experiments 

revealed a lower modulus and higher elongation for the electrospun fibrous mats compared to the 

corresponding film.  Moreover, the highly branched fibers did not fail at 1300% elongation, 

which enables potential applications where enhanced tear strength resistance is required. 
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Chapter 5. Influence of Self-Complementary Hydrogen Bonding on 

Solution Rheology/Electrospinning Relationships 

(McKee M G, Elkins C L, Long T E. Polymer 2004, 45:8705-8715) 
 
 
5.1 Abstract 

A series of linear poly(alkyl methacrylate)s that contained either pendant carboxylic acid 

or pendant 2-ureido-4[1H]-pyrimidone (UPy) groups, which form quadruple hydrogen bonds, 

were synthesized to determine the influence of intermolecular associations on solution rheology 

and electrospinning performance.  The cosolvent composition was varied in order to control the 

dielectric constant of the electrospinning solvent.  By controlling the dielectric constant of the 

solvent, intermolecular interactions were systematically screened, and the influence of hydrogen 

bonding on electrospun fiber morphology was determined. While the diameter of the electrospun 

poly(methyl methacrylate) (PMMA) fibers were in excellent agreement with previously 

developed predictions, the diameter of the electrospun poly(methyl methacrylate-co-methacrylic 

acid) (PMMA-co-PMAA) fibers were smaller than predicted when electrospun from dimethyl 

formamide (DMF).  The smaller PMMA-co-PMAA fibers were attributed to dissociation of the 

carboxylic acid group, which resulted in increased solution conductivity.  The poly(methyl 

methacrylate-co-UPy methacrylate) (PMMA-co-UPyMA) displayed significant hydrogen 

bonding associations with increasing solvent dielectric constant (D) which resulted in increased 

viscosity and lower entanglement concentration (Ce).  Moreover, strong hydrogen bonding 

between the UPy groups in relatively nonpolar solvents increased the apparent molecular weight 

of the copolymers, and significantly larger electrospun fibers than predicted were obtained. 
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5.2 Introduction 

The electrospinning process employs an electrostatic potential to form uniform fibers 

with diameters on the order of 100 nm to 10 mm.237,238  Electrospinning occurs when a charged 

polymer solution or melt emits a charged fluid jet in the presence of an electric field.  The jet 

follows a chaotic trajectory of stretching and splaying until it reaches a grounded target, thereby 

completing the circuit.  Researchers investigated the instabilities of the electrically forced jet and 

developed a model that relates the dependence of the bending instability on the electric field 

strength and solution flow rate.239  

A jet of low molecular weight fluid breaks up into small droplets, which is a phenomenon 

termed electrospraying.  On the other hand, a polymer solution with sufficient chain overlap and 

entanglements undergoes a bending instability that causes a whip-like motion between the 

capillary tip and the grounded target, which results in thinning of the jet and formation of sub-

micron scale fibers.240  Fridrikh et al. developed a model that predicts fiber diameter for several 

polymer solutions at various concentrations and as a function of surface tension and volume 

charge density.241  The authors predict a limiting fluid jet diameter where bending instabilities do 

not further stretch the jet further.  The jet diameter decreases 4 or 5 orders of magnitude during 

electrospinning due to high elongation rates.  Wang et al. recently performed extensional 
                                                 
237 Reneker D H, Chun I. Nanometre diameter fibers of polymer, produced by electrospinning. Nanotechnology. 
1996;7:216-223 
 
238 Deitzel J M, Kleinmeyer D, Harris D, Beck Tan N C. The effect of processing variables on the morphology of 
electrospun nanofibers and textiles. Polymer. 2001;42:261-272. 
 
239 Shin Y M, Hohman M M, Brenner M P, Rutledge G C. Experimental characterization of electrospinning: the 
electrically forced jet and instabilities. Polymer. 2001;42:9955-9967. 

240 Yarin A L, Koombhongse S, Reneker D H. Bending instability in electrospinning nanofibers. 2001;89:3018-
3026. 
 
241 Fridrikh S V, Yu J H, Brenner M P, Rutledge G C. Controlling the fiber diameter during electrospinning. Phys. 
Rev. Lett. 2003;90:144502-1-4. 
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rheology measurements poly(ethylene oxide) solutions, and correlated the solution elasticity to 

the spinnability of the solutions.242 

In many instances, bead formation is also observed in addition to fiber growth.  Either 

increasing the solution concentration or viscosity decreases the number of bead defects and 

increases the overall diameter of the electrospun fibers.243,244 Previously, the importance of chain 

entanglements on the ability to electrospin linear and randomly branched polyesters with a range 

of molecular weights and degrees of branching were investigated in our laboratories.245 Beaded 

nanofibers were produced when the solution concentration was greater than or equal to Ce, and 

uniform fibers without beads were formed at 2 to 2.5 times Ce.  Moreover, when the 

concentration was normalized with Ce, the influence of chain length and topology on the 

electrospinning process was removed, and the fiber diameter scaled universally with the 

normalized concentration to the 2.7 power.  Recently, Koski et al. also showed that the 

entanglement concentration was the minimum concentration for the production of poly(vinyl 

alcohol) electrospun fibers.246 

                                                 
242 Yu J H, Fridrikh S V, Rutledge G C. Effect of fluid elasticity on the morphology of electrospun fibers. Polym. 
Mat. Sci. Eng. 2005, 93, 992-993. 
 
243 Zong X, Kim K, Fang D, Ran S, Hsiao B S, Chu B. Structure and process relationship of electrospun 
bioabsorbable nanofibers membranes. Polymer 2002;43:4403-4412. 
 
244 Fong H, Chun I, Reneker D H. Beaded nanofibers formed during electrospinning. 1999;40:4585-4592. 
 
245 McKee M G, Wilkes G L, Colby R H, Long T E. Correlations of solution rheology and electrospun fiber 
formation for linear and branched polyesters. Macromolecules 2004;37:1760-1767 
 
246 Koski A, Yim K, Shivkumar S. Effect of molecular weight on fibrous PVA produced by electrospinning. Mat. 
Lett. 2004;58:493-497. 
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Meijer and coworkers initially demonstrated the versatility of multiple hydrogen bonding 

for the formation of supramolecular polymers247,248,249,250, and many researchers have 

subsequently utilized these unique scaffolds for the formation of novel, associating 

macromolecules.251,252,253,254,255  Recently, we described preliminary data concerning the 

influence of self complementary multiple hydrogen bonding groups (SCMHB) on the 

electrospinning behavior of poly(alkyl methacrylate) copolymers.256  Our earlier research efforts 

demonstrated that poly(alkyl acrylates) with pendant SCMHB groups strongly aggregate in 

moderately nonpolar solvents, such as toluene and chloroform (CHCl3), and dissociate in 

relatively more polar solvents such as tetrahydrofuran (THF).257  In this current work, 2-ureido-

4[1H]-pyrimidone (UPy) containing copolymers and solvents of various dielectric constants (D) 
                                                 
247 Sijbesma R P, Beijer F H, Brunsveld L, Folmer B J B, Hirschberg J H K, Lange R F M, Lowe J K L, Meijer E W. 
Reversible polymers formed using self-complementary monomers using quadruple hydrogen bonding.  Science 
1997;278:1601-1604. 

248 Folmer B J, Sijbesma R P, Meijer E W. Unexpected entropy-driven ring-opening polymerization in a reversible 
supramolecular system.  J. Am. Chem. Soc. 2001;123:2093-2094 
 
249 Folmer B J, Sijbesma, R P, Kooijman H, Speck A L, Meijer E W. Cooperative dynamics in duplexes of stacked 
hydrogen-bonded moieties. J. Am. Chem. Soc. 1999;121: 9001-9007. 
 
250 Lange R F M, Van Gurp M, Meijer E W. Hydrogen-bonded supramolecular polymer networks. J. Polym. Sci. 
Part A: Polym. Chem.1999;37:3657-3670 
 
251 Yamauchi K, Lizotte J R, Hercules D M, Vergne M J, Long T E. Combinations of microphase separation and 
terminal multiple hydrogen bonding in novel macromolecules. J. Am. Chem. Soc. 2002;124: 8599-8604. 

252 Berl V, Huc I, Khoury R G, Lehn, J-M. Helical molecular programming: Supramolecular double helices by 
dimerization of helical oligopyridine-dicarboxamide strands. Chem-Eur J. 2001;7:2810-2820. 

253 Ilhan F, Galow T H, Gray M, Clavier G, Rotello V M. Giant vesicle formation through self-assembly of 
complementary random copolymers. J. Am. Chem. Soc. 2000;122:5895-5896. 

254 Ilhan F, Gray M, Rotello V M. Reversible side chain modification through noncovalent interactions. “Plug and 
play” polymers. Macromolecules. 2001;34:2597-2601. 

255 Thibault R J, Hotchkiss P J, Gray M, Rotello V M. Thermally reversible formation of microspheres through non-
covalent polymer cross-linking. J. Am. Chem. Soc. 2003;125:11249-11252. 
 
256 McKee MG, Long TE. Polym. Prepr. (Am Chem Soc, Div Polym Chem) 2004;45:130-131. 

257 Yamauchi K, Lizotte J R, Long T E. Thermoreversible poly(alkyl acrylates) consisting of self-complementary 
multiple hydrogen bonding. Macromolecules 2003;36:1083-1088. 
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were used to systematically screen intermolecular interactions and ascertain the influence of 

hydrogen bonding on the electrospinning process.  Furthermore, poly (methyl methacrylate-co-

methacrylic acid) random copolymers (PMMA-co-PMAA) were also synthesized in order to 

compare the influence of dimeric associations in carboxylic acids versus multiple hydrogen 

bonding in a self-complementary fashion.  Herein, it is demonstrated that deviations from 

existing rheological/electrospinning empirical relationships arise for polymer solutions with 

hydrogen bonding associations. 

 
5.3 Experimental 

5.3.1 Materials 

  All reagents were used without further purification.  Methyl methacrylate (MMA) and t-

butyl methacrylate (t-BM) were purchased from Sigma Aldrich and passed through a neutral 

alumina column to remove radical inhibitors.  p-Toluene sulfonic acid (p-TSA) and 2,2’-

azobisisobutyronitrile (AIBN) were purchased from Aldrich and used as received.  The UPy 

methacrylate monomer was synthesized in our laboratories and a detailed synthetic methodology 

was published earlier.257  All other solvents and reagents were purchased from commercial 

sources and were used without further purification. 

5.3.2 Instrumentation 

  Molar masses were determined at 40 °C in tetrahydrofuran (HPLC grade) at 1 mL min-1 

using polystyrene standards on a Waters SEC equipped with 3 in-line PLgel 5 mm MIXED-C 

columns with an autosampler, a 410 RI detector, a Viscotek 270 dual detector and an in-line 

Wyatt Technologies miniDawn multiple angle laser light scattering (MALLS) detector.  1H 

NMR spectroscopy was performed on a Varian Unity 400 spectrometer at 400 MHz in CDCl3 or 

THF-d8.  Solution rheology was performed with a VOR Bohlin strain-controlled solution 
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rheometer at 25 ± 0.2 °C using a concentric cylinder geometry.  Electrospun fiber diameter and 

morphology were analyzed using a LeoÒ 1550 field emission scanning electron microscope  

(FESEM).  Fibers for FESEM analysis were collected on a 1/4” X 1/4” stainless steel mesh, 

mounted onto an SEM disc, and sputter-coated with an 8 nm Pt/Au layer.  Solution 

conductivities were measured with an Oakton testerÒ, Model TDStestr 20, which was calibrated 

with a standard solution from VWR Scientific. 

5.3.3  Synthesis of poly(alkyl methacrylate) copolymers 

MMA (20 g, 200 mmol) and t-BMA (1.5 g, 10.5 mmol) monomers were added to a 250 

mL round-bottomed flask, which contained a magnetic stir bar, and diluted with ethyl acetate (80 

g, 80 wt%).  Finally, the initiator AIBN (20 mg, 0.1 wt%) was added to the reaction vessel. The 

round-bottomed flask was equipped with a water condenser, sparged with N2 for 10 minutes, and 

placed in a 70 °C oil bath.  The polymerization was allowed to proceed for 24 h under 

continuous N2 flow.  The polymer was precipitated into 1000 mL of methanol and dried under 

vacuum at 80 °C for 24 h. For the acid-catalyzed hydrolysis of the t-BMA containing copolymer 

precursor to form the methacrylic acid unit, the isolated polymer was dissolved in dioxane (200 

g, 90 wt%) in a 500 mL round-bottomed flask, and the catalyst p-TSA (70 mg, 5 wt% t-BMA) 

was added to the reaction vessel.  The round-bottomed flask was equipped with a water 

condenser and heated in a 100 °C oil bath for 24 h under N2.  The hydrolyzed product, 

poly(methyl methacrylate-co-methacrylic acid) (PMMA-co-PMAA) copolymer, was 

subsequently precipitated into methanol.  Quantitative hydrolysis of the t-butyl ester to the 

carboxylic acid was confirmed using 1H NMR spectroscopy. 
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5.3.4  Synthesis of poly(methyl methacrylate-co-UPy methacrylate) (PMMA-co-UPyMA)   

MMA (15 g, 150 mmol) and UPy methacrylate (2.2 g, 7.9 mmol) monomers were added 

to a 250 mL round-bottomed flask with a magnetic stir bar and diluted with THF (200 g, 92 

wt%).  Finally, the initiator AIBN (17 mg, 0.1 wt%) was added to the reaction vessel. The round-

bottomed flask was equipped with a water condenser, sparged with N2 for 10 minutes, and 

placed in a 70 °C oil bath.  The polymerization was allowed to proceed for 24 h under 

continuous N2 flow.  The polymer was precipitated into 1000 mL of a 9:1 methanol: water 

solution and dried under vacuum at 80 °C for 24 h.  Quantitative incorporation of the UPy 

methacrylate was confirmed using 1H NMR spectroscopy. 

5.3.5 Electrospinning Process  

The copolymers were dissolved in a mixture of CHCl3 and dimethyl formamide (DMF) at 

various concentrations and placed in a 20 mL syringe, which was mounted in a syringe pump 

(KD Scientific Inc, New Hope, PA).  The positive lead of a high voltage power supply (Spellman 

CZE1000R; Spellman High Voltage Electronics Corporation) was connected to the 18-gauge 

syringe needle via an alligator clip.  A grounded, metal target (304-stainless steel mesh screen) 

was placed 24 cm from the needle tip.  The syringe pump delivered the polymer solution at a 

controlled flow rate of 6 mL/h, while the voltage was maintained at 22 kV. 

 

5.4 Results and Discussion 

5.4.1 Synthesis and characterization of poly(alkyl methacrylates) with pendant carboxylic acid 

and UPy groups   

The free radical polymerizations of the alkyl methacrylate monomers were conducted at 

70 °C using a conventional azo initiator, and high molecular weight PMMA, PMMA-co-PMAA, 
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and PMMA-co-UpyMA were prepared. Figures 5.1 and 5.2 depict the synthetic methodologies 

for the preparation of PMMA-co-PMAA and PMMA-co-UPyMA, respectively.  Acid-catalyzed 

hydrolysis of a PMMA-co-PtBMA precursor resulted in the quantitative formation of a well 

defined methacrylic acid containing random copolymer.  The carboxylic acid containing 

copolymer was not synthesized directly from MMA and methacrylic acid due to the disparity in 

reactivity ratios of monomers, while the reactivity ratios of MMA and t-BMA lend themselves to 

random copolymerization.258  Similarly, a random sequence of MMA and UPy methacrylate 

units is assumed in the copolymer since the glass transition temperature of UPy containing 

polymers increase in a linear fashion with the UPy methacrylate composition.   Incorporation of 

the UPy methacrylate monomer was limited to 5 mol% due to insolubility of the monomer at 

higher concentrations under typical polymerization conditions.  Consequently, the carboxylic 

acid composition in the PMMA-co-PMAA was also intentionally limited to 5 mol% to directly 

compare the electrospinning performance of the two copolymers.  Table 5.1 summarizes the 

weight average molar mass (Mw) and percent hydrogen bonding functionality for the copolymers.  

The Mw of the three copolymers were nearly equivalent in an attempt to reduce molecular weight 

effects on the rheological performance and electrospinning behavior.   

5.4.2 Influence of hydrogen bonding on solution rheology and Ce   

The copolymers were dissolved in a range of DMF (D = 37 at 25 °C) and CHCl3 (D = 4.8 

at 25 °C) cosolvent compositions, which varied from 100% DMF to 20/80 DMF/CHCl3 w/w at 

copolymer concentrations from 2 wt% to 14 wt%. As the dielectric constant of the solvent was 

varied, the degree of association between the hydrogen bonding groups was effectively tuned due 

to systematic screening of intermolecular interactions.   Other researchers have also controlled  

                                                 
258 Brandup J, Immergut E H, Grukle E A. 4th Edition Polymer handbook, 4. New York: Wiley; 1999. 
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Figure 5.1.  Free radical polymerization of poly(methyl methacrylate-co-t-butyl methacrylate) 

and the acid-catalyzed hydrolysis of ptBMA. 
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Figure 5.2. Preparation of PMMA-co-UPyMA via free radical polymerization. 
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Table 5.1.  Copolymer compositions and molar mass data for the poly(alkyl methacrylate) series. 

Poly(alkyl methacrylate) Functionality 
Composition 

 (mol %)a 

Mw  

(g/mol)b 
Mw/Mn 

PMMA 0 210,000 1.77 

PMMA-co-PMAA 5.0 213,000 1.72 

PMMA-co-UPyMA 5.0 183,000 1.85 

 

aNMR conditions: 25 °C, THF-d, 400 MHz 

bSEC conditions:  THF, MALLS, 40 °C 
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the degree of hydrogen bonding with solvent polarity.259,260,261  Shear rate sweeps from 80 to 

>1000 s-1 were performed at 25 ± 0.2 °C on the copolymer solutions to determine the 

dependence of specific viscosity (hsp) on concentration. The entanglement concentration was 

measured using the same procedure outlined in Chapter 3.  Despite the high elongation rates that 

are imposed on jets during electrospinning as mentioned previously, the present work focuses 

only on shear rheology measurements as a means to determine Ce.  For neutral, non-associating, 

linear polymers hsp ~ C 1.25 in the semi-dilute unentangled regime, and hsp ~ C 4.8 or hsp ~ C 3.7 in 

the semi-dilute entangled regime depending on whether the polymer is in a theta solvent or good 

solvent, respectively.262 

Figure 5.3 indicates that Ce for PMMA was approximately 6 wt% and did not 

significantly change as a function of cosolvent composition.  Although Ce was relatively 

independent of solvent composition, hsp increased in the semi-dilute unentangled regime as the 

CHCl3 content increased, suggesting that CHCl3 is a better solvent for PMMA than DMF.  In 

addition, the hsp power law exponent decreased from 4.5 in DMF to 3.2 in 20/80 DMF/CHCl3 

w/w in the semi-dilute entangled regime, which further indicates that CHCl3 was a better solvent. 

This observation is consistent with the reported relative solubility parameters for PMMA and the 

two solvents (dPMMA = 18.3, dCHCl3 = 19.0, and dDMF = 24.8 [MPa]1/2).258  Typically, hsp increases  

                                                 
259 Schenning A P H J, Jonkheijm P, Peeters E, Meijer E W. Hierarchical order in supramolecular assemblies of 
hydrogen-bonded oligo(p-phenylene vinylene)s. J. Am. Chem. Soc. 2001;123:409-416. 
 
260 Cheuk K K L, Lam J W Y, Chen J, Lai L M, Tang B Z. Amino acid-containing polyacetylenes: synthesis, 
hydrogen bonding, chirality transcription, and chain helicity of amphiphilic poly(phenylacetylene)s carrying L-
leucine pendants. Macromolecules 2003;36:5947-5959. 
 
261 Boileau S, Bouteiller L, Laupretre F, Lortie F. Soluble supramolecular polymers based on urea compounds. New 
J. Chem. 2000;24:845-848. 
 
262 Colby R H, Rubinstein M. Two-parameter scaling for polymers in q solvent. Macromolecules 1990;23:2753-
2757. 
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Figure 5.3. The hsp dependence on concentration for PMMA.  Ce was approximately 6 wt% and 

independent of solvent polarity. 
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with solvent quality for dilute or semi-dilute unentangled chains due to a stronger apparent 

repulsive force between chain segments, and hsp decreases with solvent quality for chains in the 

entangled regime.  Isono and Nagawasa conjectured that the increase in hsp with decreasing 

solvent quality in the entangled regime is due to a greater number of entanglement couplings in 

the poor solvent, which result from stronger attractive forces between the chain segments.263  

Later, Colby and Rubinstein described this phenomenon using a two-parameter scaling 

relationship for polymers in the entangled regime.262  Thus, PMMA did not aggregate in solution 

since Ce was insensitive to solvent polarity. Similarly, Ce of the PMMA-co-PMAA (5 mol% 

PMAA) solutions was approximately 6.5 wt% and independent of solvent composition and 

dielectric constant, which also indicated that the carboxylic acid groups did not form 

intermolecular associations in solution.  

In sharp contrast, Figure 5.4 shows the dependence of hsp on concentration for the 

PMMA-co-UPyMA solutions in various cosolvent compositions.  The transition from the semi-

dilute unentangled to the semi-dilute entangled regime, Ce, was a strong function of solvent 

polarity.  The Ce decreased from 7.5 wt% in DMF to 4.0 wt% in 20/80 DMF/CHCl3 w/w due to 

increased intermolecular associations between the UPy groups with decreasing value of the 

dielectric constant.  Moreover, the slope in the entangled regime was highly dependent on the 

relative solvent polarity.  As mentioned previously, slopes in the entangled regime for non-

associating polymer solutions are generally between 3.7 and 4.8 depending on the solvent 

quality.  The dependency for the PMMA-co-UPyMA solutions was much greater in non-polar 

solvents suggesting hydrogen bonding between the polymer chains.  In particular, the power law 

exponent systematically increased from 4.5 to 8.0 as the solvent composition was changed from  
                                                 
263 Isono T, Nagasawa M. Solvent effects on rheological properties of polymer solutions. Macromolecules 
1980;13:862-867. 
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Figure 5.4. The hsp dependence on concentration for PMMA-co-UPyMA (5 mol%).  Ce 

systematically decreased and power law dependence systematically increased with nonpolar 

solvent indicating strong hydrogen bond associations. 
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100% DMF to 20/80 DMF/CHCl3 w/w.  The increase in power law exponent with increasing 

associations is in accordance with theoretical predictions by Rubinstein and Semenov.264  Table 

5.2 summarizes the power law exponents in the semi-dilute entangled regime and Ce for the three 

copolymers in various solvents. 

Hydrogen bonding between the UPy groups is evident in Figure 5.5, which depicts the 

viscosity of the PMMA-co-UpyMA and PMMA solutions in both DMF and a 20/80 DMF/CHCl3 

w/w cosolvent.  The hsp in the semi-dilute unentangled and entangled regimes for PMMA and 

PMMA-co-UPyMA were virtually identical in DMF since both poly(alkyl methacrylates) had 

nearly the same Mw and DMF sufficiently disrupts any hydrogen bonding between the UPy units.  

The viscosities of the two polymers were drastically different when compared in the relatively 

nonpolar 20/80 DMF/CHCl3 w/w cosolvent, which allowed aggregation of the UPy modified 

chains.  In the semi-dilute entangled regime, the hsp for the UPy containing copolymer was more 

than 2 orders of magnitude higher than the hsp for PMMA. 

5.4.3 Influence of hydrogen bonding on electrospinning of poly(alkyl methacrylates) 

 Electrospinning studies of the three poly(alkyl methacrylate) random copolymers were 

performed at standard processing conditions (22 kV, 6 mL/h, 24 cm distance from the syringe tip 

to target, room temperature) to discern the influence of hydrogen bonding on electrospun fiber 

morphology.  The copolymers were electrospun from solution in various solvent compositions at 

concentrations spanning the semi-dilute unentangled and the semi-dilute entangled regimes.  

Solution rheology and electrospinning conditions for the three copolymers were nearly identical 

(~ 25 °C and DMF/CHCl3 cosolvent), in an attempt to ensure consistent hydrodynamic chain  

                                                 
264 Rubinstein M, Semenov A N. Dynamics of entangled solutions of associating polymers. Macromolecules. 
2001;34:1058-1068. 
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Table 5.2.  Entanglement concentration and power law dependence in the semi-dilute entangled 

regime for poly(alkyl methacrylates) with hydrogen bonding capabilities. 

Poly(alkyl methacryalte) Solvent 
Composition (w/w) 

Ce  
(wt %)a 

Power Law Exponenta 

DMF 6.5 4.5 

60/40 DMF/CHCl3 6.0 3.9 

40/60 DMF/CHCl3 6.0 3.5 
PMMA 

80/20 DMF/CHCl3 6.0 3.2 

DMF 6.5 4.2 

60/40 DMF/CHCl3 6.5 3.6 PMMA-co-PMAA 

40/60 DMF/CHCl3 6.5 3.2 

DMF 7.5 4.9 

60/40 DMF/CHCl3 5.0 5.0 

40/60 DMF/CHCl3 4.5 6.1 
PMMA-co-UPyMA 

80/20 DMF/CHCl3 4.0 8.0 

 

aSolution rheology conditions: 25 °C, concentric cylinder geometry 
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Figure 5.5. Comparison of PMMA and PMMA-co-UPyMA in DMF and 20/80 DMF/CHCl3 w/w 

cosolvent.  There is no significant difference in DMF due to screening of UPy groups, while the 

hsp in CHCl3 cosolvent is 2 orders of magnitude greater for PMMA-co-UPyMA compared to 

PMMA. 
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conformations.  As mentioned in Chapter 3, the minimum concentration required to form beaded 

nanofibers for a series of linear and randomly branched polyesters was Ce.   Figure 5.6 shows 

FESEM images of the PMMA fibers electrospun from the semi-dilute unentangled and semi-

dilute entangled regimes in 60/40 DMF/CHCl3 w/w solvent.  All FESEM images were collected 

at the same magnification.  Polymer droplets were primarily formed below Ce (Figure 5.6a) due 

to insufficient entanglements in solution.  Fibers were first evident between the droplets at Ce 

(Figure 5.6b) due to the onset of entanglement couplings between chains.  As the concentration 

was increased above Ce, beaded fibers (Figures 5.6c and 5.6d) and uniform fibers (Figure 5.6e 

and 5.6f) were formed due to the entanglement couplings between the PMMA chains.  

Electrospinning PMMA from the other cosolvent compositions listed in Table 5.2 also produced 

polymer droplets below Ce and fibers above Ce.  Similar results were obtained from 

electrospinning studies of the PMMA-co-PMAA random copolymers. 

Electrospinning PMMA above Ce from solvents solvent compositions yielded fibers with 

average diameters that scaled with normalized concentration to approximately the 2.7 power, 

which is consistent with the correlation previously developed for nonassociating linear and 

branched polyesters.  As shown in Figure 5.7, the average diameters of PMMA fibers were in 

excellent agreement with Eq. (3.2) predictions (solid black line).  The error bars represent the 

distribution of fiber diameters as determined using FESEM.  Slight variation in the fiber 

diameter size was observed depending on solvent composition used for electrospinning due to 

the increased volatility of CHCl3. 

Electrospinning PMMA-co-PMAA fibers from 60/40 DMF/CHCl3 w/w and 40/60 

DMF/CHCl3 w/w solvent compositions yielded fibers in good agreement with the predicted fiber 

size in Equation (19).  However, in Figure 5.8, the average fiber diameter was significantly lower  
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(a): 5 wt% (C < Ce) (b): 6 wt% (C = Ce)

(c): 7 wt% (C > Ce) (d): 8 wt%

(e): 9 wt% (f): 10 wt%

(a): 5 wt% (C < Ce) (b): 6 wt% (C = Ce)

(c): 7 wt% (C > Ce) (d): 8 wt%

(e): 9 wt% (f): 10 wt%
 

Figure 5.6.  FESEM images of PMMA fibers (Mw = 210,000 g/mol, Ce = 6 wt%) electrospun 

from 60/40 DMF/CHCl3 cosolvent at several concentrations (5 to 10 wt%). 



 
 

145 

 

 

 

 

 

0.1

1

10

1 10

C/Ce

F
ib

er
 D

ia
m

et
er

 ( mm mm
m

)

DMF

60/40 DMF/chloroform

40/60 DMF/chloroform

20/80 DMF/chloroform

 

Figure 5.7. Fiber diameter vs. C/Ce for PMMA electrospun from various solvents.  The solid-

black line represents a correlation previously developed for linear and branched, non-associating 

polymers. 
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Figure 5.8. Fiber diameter vs. C/Ce for PMMA-co-PMAA electrospun from various solvents.  

The solid-black line represents a correlation previously developed for linear and branched, non-

associating polymers. 

 

 

 

 

 



 
 

147 

than predicted when PMMA-co-PMAA was electrospun from DMF.  The relatively high 

dielectric constant for DMF (37 at 25 °C) caused the carboxylic acid groups to dissociate in 

solution, which resulted in the production of smaller diameter PMMA-co-PMAA fibers.  It is 

well known that polymer solutions doped with salts dissociate into positive and negative ions, 

resulting in a higher net charge density in the electrospinning jet, and thinner fibers due to a 

larger charge repulsion of the jet.244 A similar phenomenon was observed for electrospinning 

PMMA-co-PMAA from DMF, however the net charge density was altered by the dissociation of 

the carboxylic acid group instead of addition of a salt.  Figure 5.9 shows the variation in 

conductivity for 10 wt% solutions of PMMA, PMMA-co-PMAA, and PMMA-co-UPyMA as a 

function of solvent composition.  The conductivity increased for the PMMA-co-PMAA solutions 

with DMF composition due to the higher affinity for dissociation of the carboxylic acid groups.  

Moreover, the conductivity for PMMA-co-PMAA solutions was approximately 2 to 3 times 

higher than PMMA or PMMA-co-UPyMA solutions, thereby resulting in smaller electrospun 

fibers.  It is presumed that dimerization will occur between carboxylic acid groups in 

DMF/CHCl3 cosolvent at higher methacrylic acid comonomer compositions since other 

researchers have observed carboxylic acids associations for acetic acid and formic acid in 

CHCl3.
265  Although, a systematic study on carboxylic acid dimerization at low methacrylic acid 

compositions in CHCl3 has not been performed. 

Figure 5.10 shows FESEM images of PMMA-co-UPyMA fibers spun from a 60/40 

DMF/CHCl3 w/w cosolvent.  Consistent with electrospinning results of the PMMA and PMMA-

co-PMAA, polymer droplets were primarily formed from the semi-dilute unentangled regime  
                                                 
265 Colominas C, Teixido J, Cemeli J, Luque F J, Orozco M. Dimerization of carboxylic acids: reliability of 
theoretical calculations and the effect of solvent. J. Phys. Chem. B. 1998;102:2269-2276. 
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Figure 5.9.  Conductivities for 10 wt% poly(alkyl methacrylate) solutions as a function of solvent 

composition. 
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(a): 4 wt% (C < Ce) (b): 5 wt% (C = Ce)

(c): 6 wt% (C > Ce)
(d): 7 wt%

(e): 8.5 wt% (f): 9 wt%

(a): 4 wt% (C < Ce) (b): 5 wt% (C = Ce)

(c): 6 wt% (C > Ce)
(d): 7 wt%

(e): 8.5 wt% (f): 9 wt%
 

Figure 5.10.  FESEM images of PMMA-co-UPyMA fibers (Mw = 183,000 g/mol, Ce = 5 wt%) 

electrospun from 60/40 DMF/CHCl3 cosolvent at several concentrations (4 to 9 wt%). 
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(Figure 5.10a).  At Ce, polymer fibers were prevalent due to entanglement couplings (Figure 

5.10b).  Slightly above Ce, the number of polymer droplets decreased (Figure 5.10c) and, as the 

concentration was further increased above Ce, the droplets changed to an elongated bead 

morphology (Figure 5.10d).  Finally, bead-free fibers were electrospun from solutions of 

approximately 2 times Ce (Figures 5.10e and 5.10f).  Electrospinning PMMA-co-UPyMA from 

the other solvent compositions listed in Table 5.2 produced the same fiber morphology with 

respect to Ce. 

The diameters of the PMMA-co-UpyMA copolymer fibers were highly dependent on the 

dielectric constant of the electrospinning solvent.  Figure 5.11 shows the fiber diameter 

dependence on concentration for the UPy containing copolymers.  Fibers that were electrospun 

from DMF showed a 3.2 power law exponent, which is consistent with the other poly(alkyl 

methacrylates) in various cosolvent compositions.  However, as the dielectric constant of the 

solvent decreased, the relationship between fiber diameter and concentration became 

progressively stronger with power law exponents of 4.5, 4.9, and 6.2 corresponding to cosolvent 

compositions of 40/60, 60/40, and 20/80 DMF/CHCl3 w/w respectively.  The stronger power law 

dependence was attributed to increased intermolecular hydrogen bonding between the UPy 

groups in the CHCl3 cosolvents. Larger diameter fibers were electrospun as the CHCl3 cosolvent 

was increased resulting from more intermolecular hydrogen bonding between the UPy groups 

and increasing the apparent molecular weight of the polymer chains.  In Figure 5.12, the PMMA-

co-UPy fibers that were electrospun from the low dielectric solvents deviated significantly from 

diameters of the predictions based on Equation (3.2) for non-associating polymer chains (solid 

black line).  Moreover, the degree of deviation increased as the dielectric constant of the 

electrospinning solvent decreased and the number of intermolecular hydrogen bonding  
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Figure 5.11. Fiber diameter vs. concentration for PMMA- co-UpYMA electrospun from various 

solvents.  The slopes become greater with the degree of hydrogen bond associations 
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Figure 5.12. Fiber diameter vs. C/Ce for PMMA-co-UPyMA electrospun from various solvents.  

The solid-black line represents a correlation previously developed for linear and branched, non-

associating polymers.  The high degree of deviation is attributed to aggregation of UPy groups in 

nonpolar solvents. 
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associations increased.  Figure 5.13 shows the dependence of fiber diameter on the solution h0, 

and a relatively good correlation for PMMA and PMMA-co-PMAA solutions was observed.  On 

the other hand, PMMA-co-UPyMA fibers were slightly larger for an equivalent viscosity, 

although the lack of correlation of fiber diameter was not as large as in Figure 38 for higher 

CHCl3 concentrations.  The large deviation from the fiber diameter – C/Ce relationship is due to 

the strong concentration dependence of h0 for compositions with hydrogen bonding groups. 
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Figure 5.13. Fiber diameter dependence of zero shear rate viscosity for a series of poly(alkyl 

methacrylates) electrospun from various DMF/CHCl3 cosolvent compositions. 
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5.5 Conclusions 

The PMMA and PMMA-co-PMAA solutions did not show viscosity enhancement or 

decrease in Ce as a function of solvent polarity suggesting an absence of intermolecular hydrogen 

bonds between the carboxylic acid groups.  The PMMA and PMMA-co-PMAA fiber diameters 

were in excellent agreement with previous solution rheology/electrospinning relationships that 

were developed for linear and branched non-associating polymers with the exception of PMMA-

co-PMAA in DMF.  The PMMA-co-PMAA fibers were smaller in diameter than predicted when 

electrospun from DMF, which resulted from dissociation of the carboxylic acid groups and 

increased solution conductivity.  The copolymers that were functionalized with the much 

stronger hydrogen bonding UPy groups displayed a significant increase in intermolecular 

associations with decreasing solvent dielectric constant, observed by increased viscosities and 

lower Ce.  In particular, the dependence of viscosity on the concentration was much greater with 

the PMMA-co-UPyMA polymers than for the non-associating polymers, and Ce was significantly 

higher in DMF relative to the 20/80 DMF/CHCl3 w/w cosolvent.  Moreover, strong 

intermolecular associations between the UPy groups were readily observed in the nonpolar 

solvents with the production of significantly larger electrospun fibers due to an increased 

effective molar mass of the polymer chains.  The PMMA-co-UPyMA fibers deviated 

significantly from the correlation of average fiber diameter to normalized concentration (C/Ce) 

developed previously for non-associating chains. 
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Chapter 6. Influence of Random Branching on Multiple Hydrogen 

Bonding in Poly(alkyl methacrylate)s 

(McKee M G, Elkins C L, Park T, Long T E. Macromolecules 2005, 38:6015-6023) 
 
 
6.1 Abstract 

A series of linear and randomly branched poly(alkyl methacrylate)s with pendant 2-

ureido-4[1H]-pyrimidone (UPy) groups, which form quadruple hydrogen bonds, were 

synthesized and the role of molecular topology on intermolecular hydrogen bonding was 

investigated.  In solution rheological studies of poly(methyl methacrylate-co-UPy methacrylate) 

(PMMA-co-UPyMA) copolymers, a branched copolymer in the non-associated state displayed a 

larger entanglement concentration (Ce) than a linear copolymer of equal molar mass.  However, 

Ce of the branched copolymer approached the Ce of the linear analog as the degree of hydrogen 

bond associations increased in solution, which suggested the reduced chain dimensions of the 

branched structure were overcome upon intermolecular association of the UPy groups.  A series 

of linear and branched poly(2-ethylhexyl methacrylate-co-UPy methacrylate) (PEHMA-co-

UPyMA) copolymers with 0 to 10 mol% UPy were utilized for melt rheological studies. A 

decrease in zero shear viscosity (h0) and relaxation time suggested that branching reduced 

entanglement couplings for the unfunctionalized PEHMA homopolymer, and the h0 and 

relaxation time of the branched and linear polymers approached each another as the UPy content 

was increased from 0 to 10 mol%.  Furthermore, as the UPy content was increased in the 

copolymer, the plateau modulus (GN
0) systematically increased and the plateau region 

systematically broadened independent of the chain architecture.  Thus, reversible hydrogen 
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bonding associations between UPy groups dominated the rheological behavior of linear and 

branched chains in both solution and the melt phase. 

6.2 Introduction 

The introduction of branching dramatically influences the melt, solution, and solid-state 

properties of polymers.266,267,268,269  Unlike short chain branches (SCB), long chain branches 

(LCB) significantly alter polymer flow properties since the branch length is sufficiently long to 

form entanglement couplings.270  In general, LCB are utilized to control rheological and 

processing properties, while SCB influence thermal behavior and mechanical properties.  The 

dependence of viscosity on shear rate is drastically different for LCB polymers compared to 

linear analogs.  For example, branched polymers generally have significantly higher viscosities 

at low shear rates and significantly lower viscosities at high shear rates due to shear thinning 

compared to a linear polymer of equal molar mass.271  Several branching parameters influence 

solution and melt rheological behavior including branch length, degree of branching, and chain 

architecture (random, star-branched, comb, H-branched, etc.).  A recent review from our 

                                                 
266 Long V C, Berry G C, Hobbs L M. Solution and bulk properties of branched polyvinyl acetates IV – Melt 
viscosity.  Polymer. 1964;5:517-524. 
 
267 Burchard W. Solution properties of branched macromolecules. Adv. Polym. Sci. 1999;143:111-194. 
 
268 Mandelkern, L. Crystallization of polymers. Volume 1 Equilibrium concepts. Cambridge University Press, 2002. 
269 Colby R H, Janzen J. Diagnosing long-chain branching in polyethylenes. J Mol. Struct. 1999;485-486:569-584. 
 
270Lusignan C P, Mourey T H, Wilson J C, Colby R H. Viscoelasticity of randomly  branched polymer in the 
vulcanization class. Phys. Rev. E. 1999;60:5657-5669. 
 
271 Wood-Adams P, Dealy J M, deGroot A W, Redwine G D. Effect of molecular structure on the linear viscoelastic 
behavior of polyethylene. Macromolecules. 2000;33:7489-7499. 
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laboratories has summarized the effect of branching on melt, solution, and solid-state polyester 

properties.272 

The zero shear rate viscosity (h0) dependence on weight average molar mass (Mw) is well 

known for linear, flexible polymer chains.273  Below a critical entanglement molar mass (Mc), the 

chains are unentangled in the melt, and h0 scales proportionally to Mw.  Above Mc, where 

entanglement couplings dominate the flow properties, h0 follows a 3.4 power law dependence 

with Mw.  Researchers have shown that a significant departure from the h0-Mw relationship exists 

for branched chains due to a reduced hydrodynamic volume at low molar mass and increased 

entanglement couplings at higher molar mass.274  In particular, star polymers exhibit an 

exponential increase in h0 with arm molecular weight (Ma)
275,276, and Lusignan et al. 

demonstrated that randomly branched polyesters exhibit a 6.0 power law dependence when the 

branch molar mass (Mb) exceeds Mc.
270  Due to the exceptionally strong increase in h0 with Mw, 

processing very high molar mass linear and branched polymers is often difficult.  Thus, 

significant interest has focused on combining covalent and noncovalent interactions for the 

synthesis of polymers that display excellent mechanical properties at ambient temperatures, and 

thermoreversibility at processing temperatures.   

                                                 
272 McKee M G, Unal S, Wilkes G L, Long T E. Branched polyesters: recent advances in synthesis and performance 
Prog. Polym. Sci. 2005;30:507-539. 
 
273 Graessly, W. W. Viscoelasticity and flow in polymer melts and concentrated solutions. Physical Properties of 
Polymers. 1984 p.97-153 
 
274Rosu R F, Shanks R A, Bhattacharya S N. Dynamic rheology of branched poly(ethylene terephthalate). Polym. 
Int. 2000;49:203-208. 
 
275 Kraus G, Gruver J G. Rheological properties of multichain polybutadienes J. Polym. Sci., Part A: Polym. Chem. 
1965;3:105-122. 
 
276 Pfeiffer G, Gorda K R. J. Star-shaped condensation polymers: synthesis, characterization, and blend properties. J. 
Appl. Polym. Sci. 1993;50:1977-1983 
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Meijer and coworkers initially demonstrated supramolecular structure via multiple 

hydrogen bonding277 and many researchers have subsequently utilized these multiple hydrogen 

bonding sites for the formation of associating polymers.  Research efforts from our laboratories 

demonstrated that poly(alkyl acrylates) with pendant 2-ureido-4[1H]-pyrimidone (UPy) groups, 

which form quadruple hydrogen bonds, strongly aggregate in moderately nonpolar solvents, such 

as toluene and chloroform (CHCl3), and dissociate in relatively more polar solvents such as 

tetrahydrofuran (THF).278  More recently, the influence of UPy groups on the solution 

rheological behavior and electrospinning performance was displayed for a series of linear 

poly(alkyl methacrylate) copolymers.279  However, less attention has focused on the melt phase 

behavior of polymers that are functionalized with multiple hydrogen bonding groups.  Stadler et 

al. observed an increase in h0 and shear thinning onset at lower frequencies with increasing 

urazole content in melt rheological experiments with urazole functionalized polybutadienes. 280  

Moreover, the plateau modulus broadened and slightly increased with the number of hydrogen 

bonding groups per chain, which indicated the formation of thermoreversible crosslinks.  In 

related work, Stadler et al. showed polybutadienes that were modified with urazole groups that 

contain carboxylic acids (4-urazoylbenzoic acid), formed crystalline, supramolecular domains in 

                                                 
277 Sijbesma R P, Beijer F H, Brunsveld L, Folmer B J B, Hirschberg J H K, Lange R F M, Lowe J K L, Meijer E W. 
Reversible polymers formed using self-complementary monomers using quadruple hydrogen bonding.  Science 
1997;278:1601-1604. 

278 Yamauchi K, Lizotte J R, Long T E. Thermoreversible poly(alkyl acrylates) consisting of self-complementary 
multiple hydrogen bonding. Macromolecules 2003;36:1083-1088. 
 
279 McKee, M. G.; Elkins, C. L.; Long, T. E. The influence of self complementary multiple hydrogen bonding on 
solution rheology/electrospinning relationships. Polymer 2004;45:8705-8715. 
 
280 de Lucca Frietas L L, Stadler R. Thermoplastic elastomers by hydrogen bonding. 3. Interactions between 
molecular parameters and rheological properties. Macromolecules 1987;20:2478-2485. 
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the polymer melt due to the self-assembly of these functional groups.281  Many other researchers 

have probed the intermolecular associations of ion containing polymers in melt and solution 

rheological studies.282,283,284,285 

Intermolecular associations between pendant hydrogen bonding groups in a polymer 

main chain form a reversible physical network structure, and these contact points are often 

considered reversible branch points.  While the formation of these reversible branches is known 

to be a function of temperature, solvent polarity, and mechanical energy, limited attention has 

focused on the interplay between multiple hydrogen bond associations and covalent branching in 

polymers.  For instance, intermolecular interactions between UPy groups may be hindered due to 

covalent branching, although the proximity of the UPy group to the covalent branch point is an 

important consideration.  In fact, intramolecular UPy associations may be preferred to 

intermolecular associations in branched polymers as branched chains have a smaller 

hydrodynamic volume relative to linear chains of equivalent molar mass.  Pruthtikul et al. 

studied associations between hydroxyl and ester carbonyl groups in hyperbranched and linear 

                                                 
281 Hilger C, Stadler R. Cooperative structure formation by directed noncovalent interactions in an unpolar polymer 
matrix. 7. Differential scanning calorimetry and small angle X-ray scattering. Macromolecules 1990;23:2097-2100. 
 
282 Fetters L J, Graessley W W, Hadjichristidis N, Kiss A D, Pearson D S, Younghouse L B. Association behavior of 
end-functionalized polymers. 2. Melt rheology of polyisoprenes with carboxylate, amine, and zwitterion end groups. 
Macromolecules 1988;21:1644-1653. 
 
283 Gauthier S, Duchesne D, Eiesenberg A. Vinylpridinium ionomers: 1. Influence of the structure of the ion on the 
state of aggregation in random styrene-based systems. Macromolecules 1987;20:753-759. 
 
284 Agarwal P K, Lundberg R D. Viscoelastic behavior of concentrated oil solutions of sulf polymers. 2. EPDM and 
zinc sulfo-EPDMs. Macromolecules 1984;17:1918-1928. 
 
285 Agarwal P K, Lundberg R D. Viscoelastic behavior of concentrated oil solutions of sulf polymers. 3. Magnesium 
and barium sulfo-EPDMs. Macromolecules 1984;17:1928-1932. 
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polymers.286  They observed functional groups were screened, and consequently the degree of 

associations decreased in the branched architectures due to their compact, globular structures. 

In the present work, the interplay between covalent branching and noncovalent reversible 

branching is probed using solution and melt rheology.  First, the influence of branching on 

solution rheology and the entanglement concentration (Ce) was determined for poly(methyl 

methacrylate) PMMA.  Branched PMMA copolymers with pendant UPy groups (PMMA-co-

UPyMA) were synthesized to determine the influence of branching and hydrogen bonding on the 

solution rheological behavior.   Solution rheological studies were performed on PMMA-co-

UPyMA copolymers, and melt rheological studies were performed on a lower glass transition 

temperature (Tg) poly(2-ethylhexyl methacrylate-co-UPy methacrylate) (PEHMA-co-UPyMA) 

series.  PEHMA-co-UPyMA copolymers were utilized for the melt studies since unlike PMMA-

co-UPyMA, these copolymers possess a Tg lower than the UPy hydrogen bonding dissociation 

temperature (typically in the range of 80 – 100 °C).278  

 

6.3 Experimental Section 

6.3.1 Materials 

All reagents were used without further purification.  Methyl methacrylate (MMA) and 2-

ethylhexyl methacrylate (EHMA) were purchased from Sigma Aldrich and passed through a 

neutral alumina column to remove radical inhibitors.  Ethylene glycol dimethacrylate (EGDMA) 

and 2,2’-azobisisobutyronitrile (AIBN) were purchased from Aldrich and used as received.  The 

UPy methacrylate monomer was synthesized in our laboratories and a detailed synthetic 

                                                 
286 Pruthtikul R, Coleman M M, Painter P C, Beck Tan N. Screening effects in solutions of a hyperbranched, 
dendrimer-like polyester.  Macromolecules 2001;34:4145-4150. 
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methodology was published earlier.278  All other solvents and reagents were purchased from 

commercial sources and were used without further purification. 

6.3.2 Instrumentation 

  Molar masses were determined at 40 °C in tetrahydrofuran (HPLC grade) at 1 mL min-1 

using polystyrene standards on a Waters 717 Autosampler SEC system equipped with 3 in-line 

PLgel 5 mm MIXED-C columns, Waters 410 RI detector, Viscotek 270 dual detector, and an in-

line Wyatt Technology Corp. miniDAWN multiple angle laser light scattering (MALLS) 

detector.  1H NMR spectroscopy was performed on a Varian Unity 400 spectrometer at 400 MHz 

in CDCl3 or THF-d8.   

Solution rheology was performed with a VOR Bohlin strain-controlled solution 

rheometer at 25 ± 0.2 °C using a concentric cylinder geometry in steady shear mode.  Melt 

rheology was performed on a TA Instruments AR 1000 stress-controlled rheometer.  A 25 mm 

parallel plate geometry was used for all samples, and strain amplitudes were limited to the linear 

viscoelastic regime over a frequency range of 0.1 to 100 Hz.  The temperature was varied from 

20 to 120 °C for PEHMA-co-UPy containing less than 5 mol% UPy.  Samples with higher 

degrees of UPy modification were investigated between 50 and 150 °C due to an increase in Tg 

with percent functionalization.  Time-temperature superposition (TTS) was performed on the 

linear and branched PEHMA-co-UPyMA copolymers with a reference temperature of 65 °C.  

While TTS was obeyed for the linear and randomly branched unfunctionalized PEHMA, the UPy 

containing copolymers did not obey TTS.  The superposition breakdown is due to different 

temperature dependencies of the chain segment relaxations and hydrogen bonding association 

dynamics.  This phenomenon is discussed further in the results and discussion section of this 

chapter. 
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6.3.3 Synthesis of linear and branched PMMA homopolymer and PMMA-co-UPyMA 

copolymers) 

For the synthesis of linear (0 wt% EGDMA) and randomly branched PMMA, MMA (25 

g, 250 mmol) and EGDMA ranging in concentration from 0 to 1.0 wt% compared to MMA were 

added to a 250 mL round-bottomed flask equipped with a magnetic stir bar.  The monomers were 

diluted with ethyl acetate (100g, 80 wt%), and the initiator AIBN (0.1 to 1.2 wt% compared to 

MMA) was added to the flask.   The round-bottomed flask was equipped with a water condenser, 

sparged with N2 for 10 minutes, and placed in a 70 °C oil bath.  The polymerization was allowed 

to proceed for 24 h under continuous N2 flow.  The polymer was precipitated into methanol and 

dried under vacuum at 90 °C for 24 h 

For the synthesis of PMMA-co-UPyMA, MMA (7 g, 70 mmol) and UPy methacrylate 

(1.03 g, 3.7 mmol) monomers were added to a 250 mL round-bottomed flask with a magnetic stir 

bar and diluted with THF (92.3 g, 92 wt%).  For the synthesis of randomly branched copolymers 

EGDMA (0.80 mg, 0.40 mmol) was also added to the round-bottomed flask.  Finally, the 

initiator AIBN (40 mg, 0.5 wt%) was added to the reaction vessel. The round-bottomed flask was 

equipped with a water condenser, sparged with N2 for 10 minutes, and placed in a 70 °C oil bath.  

The polymerization was allowed to proceed for 24 h under continuous N2 flow.  The polymer 

was precipitated into 2000 mL of a 9:1 methanol:water solution and dried under vacuum at 90 °C 

for 24 h.  Quantitative incorporation of the UPy methacrylate was confirmed using 1H NMR 

spectroscopy. 

6.3.4 Synthesis of linear and branched PEHMA-co-UpyMA  

EHMA (9 g, 45 mmol) and UPy methacrylate (1.34 g, 4.8 mmol) monomers were added 

to a 250 mL round-bottomed flask with a magnetic stir bar and diluted with THF (119 g, 92 
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wt%).  The quantity of UPy methacrylate was subsequently varied to target different levels of 

functionalization of the copolymer.  For the synthesis of randomly branched copolymers 

EGDMA (107 mg, 0.54 mmol) was also added to the round-bottomed flask.  Finally, the initiator 

AIBN (10.3 mg, 0.1 wt%) was added to the reaction vessel. The round-bottomed flask was 

equipped with a water condenser, sparged with N2 for 10 minutes, and placed in a 70 °C oil bath.  

The polymerization was allowed to proceed for 24 h under continuous N2 flow.  The polymer 

was precipitated into 2000 mL of methanol and dried under vacuum at 80 °C for 24 h.  

Quantitative incorporation of the UPy methacrylate was confirmed using 1H NMR spectroscopy. 

 

6.4 Results and Discussion 

6.4.1 Synthesis and characterization of linear and branched poly(alkyl methacrylates) with 

pendant UPy groups  

Conventional free-radical polymerization methodologies were utilized to synthesize 

linear and branched analogs of the following compositions: PMMA, PMMA-co-UPyMA random 

copolymers, and PEHMA-co-UPyMA random copolymers.  Since the Tg of a PMMA 

homopolymer is higher than the hydrogen bond dissociation temperature of the UPy group, the 

PEHMA copolymers were synthesized for the melt rheological studies.  Both copolymers were 

considered random based on the linear Tg increase of the functionalized poly(alkyl 

methacrylates) with an increase in UPy molar concentation.278  In addition, other researchers 

have also observed a linear increase in Tg with an increase in the mol% hydrogen bonding 

groups.287  Table 6.1 shows the reaction conditions, molar mass, and contraction factors (g’) of  

                                                 
287 de Lucca Freitas L, Jacobi M M, Goncalves G, Stadler R. Microphase separation induced by hydrogen bonding in 
a poly(1,4-butadiene) –block-poly(1,4-isoprene) diblock copolymer - An example of supramolecular organization 
via tandem interactions. Macromolecules 1998;31:3379-3382. 
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Table 6.1.  Molar mass and contraction factor values for PMMA homopolymers. 

 

EGDMA 
Concentration 

(wt%) 

AIBN 
Concentration 

(wt%) 
Mw (g/mol)a Mw/Mn

a g’a 

0 0.1 230,000 1.81 1.0 

0.5 0.8 182,000 5.60 0.84 

0.8 1.0 213,000 4.37 0.69 

1.0 1.2 180,000 3.59 0.42 
 

aSEC conditions:  THF, MALLS, viscosity detector, 40 °C 
The contraction factor (g’) measurement has an error of ± .05 based on multiple SEC runs 
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the PMMA homopolymers synthesized at 70 °C using a conventional azo initiator.  The ratio of 

EGDMA and AIBN was varied to maintain approximately equal Mw (180 to 232 kg/mol) with 

varying levels of branching as measured by g’. The well established value of g’ is defined in Eq. 

(6.1), 

linear

branchedg
][

][
'

h
h

=       (6.1) 

where [h]branched and [h] linear are the intrinsic viscosities of branched and linear chains of equal 

molar mass.  Since the hydrodynamic volume of a branched chain is smaller than a linear chain 

of equal molar mass, g’ decreases as the degree of branching increases.288 A method for 

determining the contraction factors was reported previously.289  As shown in Table 6.1, the g’ 

values range from 1.0 for linear PMMA, synthesized with 0 wt% EGDMA, to 0.42 for highly 

branched PMMA, synthesized with 1.0 wt% EGDMA. 

Figure 6.1 illustrates the free radical polymerization of a branched poly(alkyl 

methacrylate) with pendant UPy groups.  The cartoon depicts reversible branch points formed 

via non-covalent association of pendant UPy groups.  It should be noted that UPy associations in 

Scheme 1 are depicted in both an intermolecular and intramolecular fashion.  Figure 6.2 shows 

the quadruple hydrogen bond interaction between pendant UPy groups for linear PMMA-co-

UPyMA copolymer.  In the limit of complete UPy association, the copolymer forms a reversible 

network structure. Table 6.2 summarizes the molar mass, chemical composition, and branching 

data for the linear and branched UPy copolymers.  There are a range of Mw values from 110 to 

161 kg/mol and 152 to 183 kg/mol for the PEHMA-co-UPyMA and PMMA-co-UPyMA  

                                                 
288Zimm B H, Kilb R W. Dynamics of branched polymer molecules in dilute solution. J. Polym. Sci. Part B:  Polym. 
Phys. 1996;34:1367-1390. 
 
289Hudson H, MacDonald W A, Neilson A, Richards R W, Sherrington D C. Synthesis and characterization of 
nonlinear PETs produced via a balance of branching and Endcapping. Macromolecules. 2000;33:9255-9261 
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Figure 6.1.  Free radical polymerization of poly(alkyl methacrylate) with pendant UPy groups.  

The closed circles represent intermolecular association between two UPy groups, while the open 

circles represent functional groups in the unassociated state. 
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Figure 6.2. Quadruple hydrogen bond interaction between UPy groups for linear PMMA-co-

UPyMA. 
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Table 6.2.  UPyMA content and molar mass data for linear and branched poly(alkyl 

methacrylates). 

 

Poly(alky 
methacrylate) 

UPy Content 
(mol%) 

EGDMA 
Concentration 

(wt%) 
Mw (g/mol)a Mw/Mn

a g’a 

5 0 183,000 1.92 1.0 

PMMA-co-UPyMA 

5 1.0 152,000 2.45 0.85 

0 0 146,000 2.84 1.0 

0 1.0 161,000 2.31 0.68 

5 0 128,000 1.78 0.96 

5 1.0 132,000 1.92 0.74 

10 0 110,000 1.89 1.0 

PEHMA-co-UPyMA 

10 1.0 137,000 3.18 0.70 

aSEC conditions:  THF, MALLS, viscosity detector, 40 °C 

The contraction factor (g’) measurement has an error of ± .05 based on multiple SEC runs 
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copolymers respectively.  Incorporation of the hydrogen bonding comonomer in the polymer was 

limited to 10 mol% due to limited solubility of the UPy methacrylate comonomer into the 

polymerization solvent.  The polymerization solution was turbid at monomer concentrations 

greater than 10 mol% presumably due to limited solubility of the UPy methacrylate monomer in 

THF. 

6.4.2 Effect of random branching and intermolecular interactions on solution rheology 

properties and the entanglement concentration   

The randomly branched PMMA was dissolved in dimethyl formamide (DMF) at 

concentrations ranging from 2 to 15 wt%.  Steady shear rate sweeps were performed between 90 

and 1000 s-1.  The specific viscosity (hsp), in Eq. (6.2), 

s

s
sp h

hh
h

-
= 0       (6.2) 

 where hs is the solvent viscosity and h0 is the zero shear viscosity, was utilized to determine the 

dependence of the branched PMMA solution viscosity on concentration.  Colby et al. has 

measured the entanglement concentration (Ce), which is defined as the transition between the 

semi-dilute unentangled and semi-dilute entangled regime, from the dependence of hsp on 

concentration.290  The following scaling arguments are obeyed for neutral chains that do not 

associate in solution:  hsp ~ C 1.25 in the semi-dilute unentangled regime, and hsp ~ C 4.8 or C 3.75 

depending on the solvent quality.291  The value of Ce is the concentration in the semi-dilute 

                                                 
290 Colby R H, Fetters L J, Funk W G, Graessley W W. Effects of concentration and thermodynamic interaction on 
the viscoelastic properties of polymer solutions. Macromolecules. 1991;24:3873-3882. 
 
291 Colby R H, Rubinstein M. Two-parameter scaling for polymer in theta solvents. Macromolecules. 1990;23:2753-
2757. 
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regime where chain overlap and interpenetration topologically constrain motion in the form of 

entanglements. 

 Figure 6.3 illustrates the concentration dependence of solution viscosity for four PMMA 

homopolymers of approximately equivalent Mw and varying levels of branching (g’ ranges from 

1.0 to 0.42).  The slope in the unentangled regime was approximately 1.4 for all homopolymers 

and the slope in the entangled regime was approximately 4.0, which indicated DMF was slightly 

better than a q solvent for PMMA.  For clarity, the Ce of linear PMMA (6.5 wt%) is denoted in 

Figure 1 as the break between the two scaling relationships.  As g’ decreased from 1.0 (linear 

chain) to 0.42, Ce systematically increased from 6.5 to 14 wt%, which suggested the branched 

chains do not entangle in solution as readily as the linear chains.  The inset of Figure 6.3 shows 

the variation of Ce with the contraction factor, g’.  Other researchers have also shown that 

branching dramatically influences the transition from unentangled to entangled behavior in 

solution.292,293,294  At constant molar mass, the dimensions of a polymer coil decrease with 

increased branching, and thus highly branched topologies have fewer entanglement couplings 

with surrounding chains. 

 Recently, our laboratories have reported the influence of quadruple hydrogen bond 

associations on solution rheology and Ce for linear poly(alkyl methacrylate) copolymers with 

pendant UPy groups.279 In a similar fashion to our earlier studies, the solvent dielectric constant 

(D) strongly influenced the level of hydrogen bond associations in linear and branched  

                                                 
292McKee M G, Wilkes G L, Colby R H, Long, T E. Correlations of solution rheology with electrospun fiber 
formation of linear and branched polyesters. Macromolecules. 2004;37:1760-1767. 
 
293Sendijarevic I, Liberature M W, McHugh A J. Effect of branching on the rheological properties of solutions of 
aromatic etherimide copolymers. J. Rheol. 2001;45:1245-1258 
 
294Juliani, Archer L A. Relaxation dynamics of entangled and unentangled multiarm polymer solutions: experiment. 
Macromolecules. 2002;35:6953-6960. 
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Figure 6.3.  Concentration dependence of hsp for linear and branched PMMA.  Ce 

systematically increases as g’ decreases due to the reduced hydrodynamic volume of the 

branched chains.
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copolymers.  The copolymers were dissolved in a mixture of DMF (D = 37 at 25 °C) and CHCl3 

(D = 4.8 at 25 °C) that ranged from 100% DMF to 20/80 DMF/CHCl3 w/w.  It is well known 

that DMF inhibits hydrogen bonding, and thus, Ce for the linear PMMA-co-UPyMA 

systematically decreased with the CHCl3 composition of the cosolvent due to a larger number of 

intermolecular associations in solution.  Moreover, the dependence of hsp on concentration in the 

semi-dilute entangled regime increased with the degree of associations in agreement with 

predictions by Rubinstein and Semenov.295  A randomly branched PMMA-co-UPyMA was also 

synthesized to compare the solution rheology behavior with the aforementioned linear copolymer 

since the interplay between UPy associations and branching has not presently been described in 

the literature.  The dissociation of multiple hydrogen bonding sites into a highly branched 

architecture is expected to have significant ramifications on both solution and melt processing. 

Figure 6.4 depicts the concentration dependence of viscosity for a branched copolymer 

(g’ = 0.85).  The branched PMMA-co-UPyMA displayed similar behavior to the linear 

counterpart as Ce systematically decreased from 12 wt% in DMF to 5 wt% in 20/80 DMF/CHCl3 

due to increased intermolecular associations in the relatively nonpolar solvent.  Moreover, the 

power law exponent in the semi-dilute entangled regime increased with decreasing solvent 

polarity, in a similar fashion to the linear copolymer.   The power law exponent for the randomly 

branched PMMA-co-UPy increased from 4.8 in DMF to 6.5 in the 20/80 DMF/CHCl3 cosolvent.  

Figure 3 compares Ce for the linear and branched PMMA-co-UPyMA copolymer as a function of 

solvent polarity.  As shown in Table 6.2, the linear and branched PMMA-co-UPyMA 

copolymers had g’ values of 1.0 and 0.85, respectively, while the molar mass and percent  

                                                 
295Rubinstein M, Semenov A N. Dynamics of entangled solutions of associating polymers. Macromolecules. 
2001;34:1058-1068. 
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Figure 6.4  Influence of solvent polarity on the entanglement concentration for branched PMMA-

co-UPyMA (Mw = 152,000 g/mol, g’ = 0.85). 
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functionalization of the two copolymers were approximately equal.  When DMF was used as the 

solvent, the chains were in the non-associated state, and the branched copolymer displayed a 

significantly higher Ce compared to the linear copolymer due to its smaller chain dimensions.  

However, as the CHCl3 composition of the cosolvent was increased, the Ce of the branched chain 

approached the Ce of the linear chain due to the formation of reversible, multiple hydrogen 

bonded crosslinks.  Consequently, the decrease in entanglement couplings due to the branched 

architecture was overcome in the limit of complete association between pendant UPy groups 

when the chain behaves as a reversible network.  Moreover, the reduced hydrodynamic volume 

of the branched chain does not significantly inhibit hydrogen bond associations, since a 

reversible network formed in the CHCl3 rich solutions for both the linear and branched 

topologies.   

It is apparent that branched polymers with multiple hydrogen bonding sites afford 

significant processing advantages compared to functionalized, linear analogs of equal molar 

mass.  In Figure 6.5 the branched chains in the unassociated state (0 mol% CHCl3) possessed a 

larger Ce compared to the linear chains, which indicated fewer entanglements couplings between 

the branched chains.  However, in the associated state (80 mol% CHCl3) the linear and branched 

chains had nearly equivalent values for Ce, suggesting a similar degree of entanglements.  Thus, 

the branched copolymers would be significantly easier to process in the unassociated state 

compared to the linear copolymers, while still retaining sufficient entanglements in the 

associated state due to the reversible network structure of the multiple hydrogen bond sites. 

6.4.3 Viscoelasticity of poly(alkyl methacrylates) with pendant UPy groups 

The interplay between intermolecular associations and branching in melt rheology was 

also investigated. A series of linear and randomly branched poly(2-ethylhexyl methacrylate-co- 
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Figure 6.5.  Comparison of the influence of solvent composition on Ce for the linear (Mw = 

183,000 g/mol, g’ = 1.0) and branched PMMA-co-UPyMA copolymer (Mw = 152,000 g/mol, g’ 

= 0.85). 
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UPy methacrylate) (PEHMA-co-UPyMA) random copolymers were synthesized with UPyMA 

composition ranging from 0 to 10 mol%.  Previous melt rheological experiments with UPy 

containing poly(alkyl acrylates) determined that the hydrogen bonding dissociation temperature 

was approximately 80 °C.278  It should be noted that UPy groups reversibly dissociate in an 

equilibrium fashion, and thus there is not a discrete temperature at which all UPy sites dissociate.  

However it is expected that the equilibrium shifts to the non-associated state above 80 °C, and 

thus it was important to utilize a copolymer with a Tg well below 80 °C, such as PEHMA-co-

UPyMA in the melt studies rather than the higher Tg PMMA-co-UPyMA copolymers. 

As mentioned previously, rheology data for both linear and randomly branched PEHMA-

co-UPyMA did not permit time-temperature superposition (TTS) treatments.  In particular, the 

loss modulus (G”) isothermal curves did not overlap in the rubbery plateau region for the 

hydrogen bonding copolymers.  This was attributed to different temperature dependencies of the 

chain relaxation and hydrogen bonding associations in the PEHMA-co-UPyMA melt dynamics. 

In general, it is expected that TTS is valid for temperatures where the UPy groups are dissociated 

and chain entanglements dominate the viscoelastic response, while TTS should breakdown at 

lower temperatures due to a shift in the equilibrium of dissociated UPy groups to the associated 

state.  Muller, Seidel, and Stadler have also observed breakdown of TTS for hydrogen bonding 

functionalized chains in melt rheological studies.296  They reported two transitions in the rubbery 

plateau.  A high frequency transition in the rubbery regime was attributed to association 

dynamics between hydrogen bonding units, while the lower frequency transition marked the 

onset of the terminal regime.  While G” did not obey superposition for the 5 and 10 mol% UPy 

copolymers, the storage modulus (G’) displayed relatively good superposition over the terminal 

                                                 
296 Muller M, Seidel U, Stadler R. Influence of hydrogen bonding on the viscoelastic properties of thermoreversible 
networks: analysis of the local complex dynamics. Polymer 1995;16:3143-3150. 
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and rubbery plateau regimes (Figure 6.6).  Table 6.3 shows the Williams-Landel-Ferry (WLF) 

parameters, C1 and C2, obtained from shifting the G’ data.  The product C1C2 significantly 

increased for 10 mol% UPy functionalized copolymers in accordance with increased flow 

activation energies for associating polymers in the melt.297 

Figure 6.6 shows the G’ master curve for the linear and branched PEHMA-co-UPyMA 

copolymer at a reference temperature of 65 °C.  Isothermal curves were collected at temperatures 

up to 120 °C, which is significantly above the reported 80 °C hydrogen bond dissociation 

temperature. A narrow plateau modulus (GN
0) region was observed for the linear and branched 

unfunctionalized PEHMA homopolymer, which suggested the presence of entanglements.  

However, the transition region of the linear homopolymer extended to lower frequencies 

compared to the branched PEHMA, since some of the branches were not long enough to entangle 

and the branch segments relaxed via short time-scale motions.  It is apparent that the functional 

groups formed reversible cross-links due to the presence of a terminal regime for all levels of 

UPy content in Figure 6.6.  Moreover, the value of GN
0 systematically increased and the plateau 

region systematically broadened with the level of multiple hydrogen bonding groups.  The 

viscoelastic behavior of the UPy modified copolymers is qualitatively consistent with previous 

experimental results280 and theoretical predictions for other associated polymer compositions.298  

The terminal region was shifted to lower frequencies as the hydrogen bond associations 

disrupted the reptation process of the chains, and the formation of physical crosslinks through 

UPy associations was consistent with an increase in GN
0 with hydrogen bonding functionality.  

However, two distinct plateau regions were not observed for the UPy series.  Leibler, Rubinstein,  

                                                 
297 Boils, D.; Perron, M-E,; Monchamp, F.; Duval, H.; Maris, T.; Wuest, J. D. Macromolecules 2004;37:7351. 

298 Leibler, L.; Rubinstein, M.; Colby, R. H. Macromolecules 1991;24:4701-4707. 
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Figure 6.6.  Storage modulus master curves for the PEHMA-co-UPyMA series (Tref = 65 °C).  

Molar mass and branching information is shown in Table 6.2. 
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Table 6.3.  WLF parameters that were determined by shifting G’ data for linear and randomly 

branched PEHMA-co-UPy 

 

Chain Topology 
UPy Content 

(mol%) 
C1 C2 (K) C1C2 

Linear 0 9.10 135 1230 

Branched 0 7.62 136 1040 

Linear 5 11.12 140 1550 

Branched 5 9.19 115 1060 

Linear 10 15.46 200 3090 

Branched 10 12.67 189 2400 
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and Colby predicted at time scales longer than the rouse relaxation time (t e) and shorter than the 

time scale at which hydrogen bonding groups dissociate (t ) result in a plateau modulus, which is 

a function of both crosslinks and chain entanglements.  Then, when the hydrogen bonding groups 

dissociate at time scales longer than t , the plateau modulus would decrease to the value of a 

linear chain without hydrogen bond associations.298 As mentioned previously, two distinct 

plateau moduli were experimentally measured for polymers functionalized with phenylurazole 

groups, which form bidendate hydrogen bonds in a complementary fashion.296  Unlike the 

phenylurazole groups, UPy groups form a quadruple hydrogen bond association, which result in 

much larger association constant (Ka > 106 M-1 in nonpolar environments).299  Thus, the UPy 

association lifetime is relatively longer than the bidendate phenylurazole lifetime, and the 

transition for physical crosslinks may extend into the terminal region, making it difficult to 

separate relaxations of chain entanglements and hydrogen bond dissociation.  This interpretation 

is similar to the proposed melt dynamics of ionomers, where overlap of terminal relaxations and 

electrostatic relaxations has been reported.300  Indeed, it is evident in Figure 4 that the terminal 

regime broadened with increasing UPy composition, and the limiting value of G’ ~ w2 witnessed 

for the unfunctionalized PEHMA was not observed.  The terminal regime is very sensitive to the 

breadth of the molar mass distribution, particularly at higher molar mass since different size 

chains relax at different times.301  Thus, some fraction of the UPy groups remained in the 

associated state, and effectively broadened the molar mass distribution thereby resulting in the 

                                                 
299 Beijer F H, Sijbesma R P, Kooijman H, Speck A L, Meijer E W. Strong dimerization of ureidopyrimidones via 
quadruple hydrogen bonding. J. Am. Chem. Soc. 1998;120:6761-6769. 
 
300 Tierney N K, Register R A. Synthesis and melt dynamics of model sulfonated ionomers. Macromolecules 
2003;36:1170-1177. 
 
301 Graessly W W. Viscoelasticity and flow in polymer melts and concentrated solutions. Physical Properties of 
Polymers. 1984 p.97-153. 
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broad terminal response.  Again, this is consistent with overlap between the relaxations attributed 

to chain dynamics and dissociation of UPy groups. 

Figure 6.6 also shows that the plateau region and terminal region for the UPy copolymers 

were similar for both linear and branched topologies.  Unlike the unfunctionalized PEHMA, 

where the terminal regime of the linear polymer extended to lower frequency than the branched 

polymer, both the linear and randomly branched UPy containing copolymers have nearly 

identical values of GN
0 and terminal transitions.  This suggests that the reversible network 

structure based on multiple hydrogen bond associations control the melt dynamics independent 

of the polymer architecture. 

 The dynamic viscosity master curve is plotted as a function of the reduced frequency in 

Figure 6.7.  The linear PEHMA homopolymer had a larger value of h0 and displayed shear 

thinning behavior at lower frequencies compared to the branched chain.   This was attributed to 

fewer chain entanglements between the randomly branched PEHMA due to its reduced chain 

dimensions compared to the linear homopolymer of equal molar mass.  The value of h0 

significantly increased with hydrogen bonding content due to strong intermolecular interactions 

in the melt.  Moreover, the onset of shear thinning shifted to lower frequencies with an increase 

in the degree of functionalization.  The enhancement in shear thinning of the UPy copolymer was 

attributed to the significantly longer relaxation times due to the formation of a reversible network 

structure.  However, the random branching in the PEHMA-co-UPy copolymers did not hinder 

the associations between UPy groups.  There was a slight decrease in the zero shear viscosity for 

the branched chain compared to the linear chain of equal functionalization level and Mw due to 

the reduced chain dimensions of the branched polymer. 
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Figure 6.7.  Dynamic viscosity master curves for the PEHMA-co-UPyMA series (Tref = 65 °C).  .  

The value of h0 increased and the onset of shear thinning occurred at lower frequencies with 

increased levels of functionalization.  Molar mass and branching information is shown in Table 

6.2. 
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Figure 6.8 shows the zero shear viscosity enhancement of the UPy containing copolymers 

compared to the PEHMA homopolymer (h0/h0 at 0 mol%) as a function of hydrogen bonding 

content.  The additional h0 values in Figure 6.8 are from previous melt rheology investigations of 

linear UPy containing copolymers performed in our laboratories.302  An exponential relationship 

exists between viscosity enhancement and mol% functionalization in agreement with results by 

de Lucca Freitas and Stadler.280  The branched copolymers displayed a relative viscosity 

enhancement approximately equal to the linear UPy containing copolymers, and there was no 

influence of chain topology on the formation of intermolecular UPy associations.  Thus, in 

accordance with solution rheology behavior, hydrogen bonding between the UPy groups 

dominates the melt rheological response for both the linear and branched copolymers. 

 

6.5 Conclusions 

The interplay between polymer chain architecture and intermolecular hydrogen bonding 

was determined for a series of poly(alkyl methacrylates) with pendant UPy groups.  The 

rheological behavior of linear and branched functionalized copolymers displayed there was no 

significant effect of branching on intermolecular hydrogen bonding in a nonpolar solution 

environment and the melt phase.  A branched PMMA-co-UPyMA copolymer in the non-

associated state displayed a larger Ce compared to a linear copolymer of equal molar mass.  

However, Ce of the branched copolymer approached that of the linear chain as the degree of 

hydrogen bond associations increased in solution.  Thus, the decrease in entanglement couplings  

                                                 
302 Elkins C L, Park T, McKee M G, Long T E.  Synthesis and characterization of poly(2-ethylhexyl methacrylate) 
copolymers containing pendant, self-complementary multiple-hydrogen-bonding sites.  J. Polym. Sci. Part A: 
Polym. Chem. 2005;43:4618-4634. 
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Figure 6.8.  Relative zero shear viscosity enhancement for a UPy containing poly(alkyl 

methacrylate).  The closed and open symbols represent linear and branched copolymers 

respectively. 
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due to the reduced chain dimensions of the branched structure was lessened upon intermolecular 

associations between UPy groups.   

Melt rheological studies showed that branching reduced the entanglement couplings for a 

PEHMA homopolymer as measured by a decrease in both h0 and relaxation time.  However, as 

the degree of UPy functionalization was increased, the h0 and the relaxation time of the branched 

and linear polymers approached each other.  Moreover, as the content of pendant UPy groups 

was increased, the plateau region systematically broadened and GN
0 systematically increased, 

which was independent of the polymer topology.  The relative zero shear viscosity enhancement 

of the branched copolymers was also approximately equal to the linear copolymers, which 

suggested no influence of chain architecture on the formation of intermolecular UPy 

associations.  Consequently, hydrogen bonding between the UPy groups dominated the melt 

rheological response for both linear and branched chains.      
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Chapter 7. Solution Rheological Behavior and Electrospinning of 

Cationic Polyelectrolytes 

(McKee M G, Hunley M T, Layman J M, Long T E. Macromolecules 2005, submitted for 
publication) 

 

7.1 Abstract 

The influence of polyelectrolyte rheological behavior on the electrospinning process was 

determined for a series of poly(2-(dimethylamino)ethyl methacrylate hydrochloride) 

(PDMAEMA·HCl) aqueous solutions in the presence of added NaCl.  Solution rheological 

studies revealed that PDMAEMA·HCl in an 80/20 wt/wt water/methanol cosolvent displayed 

polyelectrolyte behavior based on the scaling relationship between specific viscosity (hsp) and 

concentration in the semi-dilute unentangled and semi-dilute entangled regimes.  The 

entanglement concentration (Ce) increased with NaCl concentration due to screening of the 

electrostatic repulsive forces along the PDMAEMA·HCl backbone, which enabled the 

PDMAEMA·HCl chains to adopt a flexible, coil-like conformation.  Moreover, the scaling 

behavior in the semi-dilute entangled regime shifted from polyelectrolyte (hsp ~ C 1.5) to neutral 

polymer behavior (hsp ~ C 3.75) in the high salt limit.  The electrospinning performance of 

PDMAEMA·HCl solutions was also dependent on NaCl concentration, and NaCl free 

PDMAEMA·HCl solutions did not form fibers at concentrations less than 8Ce.  The minimum 

concentration for fiber formation decreased as the level of NaCl was increased due to screening 

of the repulsive, electrostatic interactions between charged repeating units that served to stabilize 

the electrospinning jet.  Moreover, due to the high electrical conductivity of the polyelectrolyte 

solutions, the electrospun polyelectrolyte fibers were 2 to 3 orders of magnitude smaller in 
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diameter compared to fibers that were electrospun from solutions of neutral polymers of equal 

zero shear viscosity (h0) and normalized concentration (C/Ce). 

7.2 Introduction 

Polyelectrolytes contain a charged atom in each repeating unit, which is balanced by a 

cloud of counterions in solution.  Salt-free polyelectrolytes display an extended, rod-like 

conformation in aqueous solution due to electrostatic charge repulsion along the polymer 

backbone and rearrangement of counterions. Consequently, the viscoelastic behavior of 

polyelectrolytes differs significantly from neutral polymers.303  In particular, polyelectrolytes 

exhibit a weaker scaling relationship between zero shear viscosity (h0) and concentration 

compared to neutral polymers, and polyelectrolytes display enhanced shear thinning compared to 

neutral polymers.304,305,306 In fact, relaxation times for charged polymers in the semi-dilute region 

decrease with concentration, while relaxation times of neutral chains always increase with 

polymer concentration.307  Due to their shear thinning properties, polyelectrolytes are used as 

rheological additives where high shear rates are employed.308  Moreover, cationic 

                                                 
303 Muthukumar M. Dynamics of polyelectrolytes. J. Chem. Phys. 1997;107:2619-2635. 
 
304 Rubinstein M, Colby R H, Dobrynin A V. Dynamics of semidilute polyelectrolyte solutions. Phys. Rev. Lett. 
1994;73:2776-2779. 
 
305 Dobrynin A V, Colby R H, Rubinstein M. Scaling theory of polyelectrolytesMacromolecules 1995;28:1859-
1871. 
 
306 Chen S-P, Archer L A. Relaxation of salt-free polyelectrolyte solutions using flow birefringence and rheometry J. 
Polym. Sci. Part B: Polym. Phys. 1999;37:825-835. 
 
307 Krause W E, Tan J S, Colby R H. Semidilute solution rheology of polyelectrolytes with no added salt J. Polym. 
Sci. Part B: Polym. Phys. 1999;37:3429-3437. 
 
308 Zhang L-M, Tan Y-B, Li Z-M. Application of a new family of amphoteric cellulose-based graft copolymers as 
drilling mud additives. Colloid Polym. Sci. 1999;277:1001-1004. 
 



 
 

189 

polyelectrolytes are also used as emulsifiers or flocculatants for wastewater treatment309, and 

polyelectrolytes containing quaternary ammonium groups are excellent antimicrobial 

agents.310,311,312  More recently, cationic polyelectrolytes were explored as vectors for gene 

delivery due to efficient DNA complexation.313 

As the polyelectrolyte concentration is increased above the overlap concentration (C*), 

electrostatic interactions are screened on length scales that are larger than the correlation length 

(x) and the chain is considered a random walk for length scales greater than x.305  Since 

polyelectrolytes adopt a rod-like chain conformation in dilute solution, the chain dimensions 

undergo greater contraction than neutral chains at intermediate concentrations between C* and 

the entanglement concentration (Ce), which increases the breadth of the semi-dilute unentangled 

regime.   

The viscosity scaling relationships for polyelectrolyte solutions in the semi-dilute 

unentangled, semi-dilute entangled, and concentrated regimes are shown below.304 

5.0~ Csph   for C*<C<Ce        (7.1) 

5.1~ Csph   for Ce<C<CD 

75.3~ Csph   for C>CD 

                                                 
309 Fernandes R S, Gonzalez G, Lucas E F. Assessment of polymeric flocculants in oily water systems. Colloid 
Polym. Sci. 2005;283:375-382. 
 
310 Kenawy E-R, Malmoud Y A G. Biologically active polymers, 6. Synthesis and antimicrobial activity of some 
linear copolymers with quaternary ammonium and phosphonium compounds. Macromol. Biosci. 2003;3:107-116. 
 
311 Cakmuk I, Ulukanli Z, Tuzcu M, Karabuga S, Genctav K. Synthesis and characterization of novel antimicrobial 
cationic polyelectrolytes. Eur. Polym. J. 2004;40:2373-2379. 
 
312 Grunian J C, Choi J K, Lin A. Antimicrobial behavior of polyelectrolyte multilayer films containing cetrimide 
and silver.  Biomacromolecules 2005;6:1149-1153. 
 
313 Smedt S C, Demeester J, Hennink W E. Pharmaceutical Research 2000;17:113-126. 
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In Eq. (7.1), the specific viscosity is defined as hsp = (h0 – hs)/hs, where hs is the solvent 

viscosity, and CD marks the onset of the concentrated regime.  As the concentration approaches 

the concentrated regime (C>CD), the electrostatic interactions are highly screened and neutral 

polymer solution dynamics are recovered.304  Pabon et al. observed h0 ~ C 3.75 for salt-free 

solutions of poly(acrylamide-co-sodium acrylate) in the concentrated regime.314  The addition of 

inorganic salts to polyelectrolyte solutions results in screening of the charged atoms along the 

polymer backbone.315  Consequently, as the electrostatic charges are screened, the charge 

repulsion within a polyelectrolyte is reduced and the chain becomes more coil-like.  In fact, 

rheological scaling relationships in the semi-dilute entangled regime reveal a crossover from 

polyelectrolyte behavior (hsp ~ C 1.5) in the absence of added salt, to random coil-like, neutral 

polymer behavior (hsp ~ C 4.6) at a salt concentration of 0.5 M salt concentration, which was 

considered the high salt limit.316,317   

Polyelectrolyte solutions exhibit high electrical conductivities due to movement of 

polyions and free counterions.318,319  Solution conductivity was previously shown to result in 

smaller electrospun fiber diameters due to greater charge repulsion and plastic stretching in the 

                                                 
314 Pabon M, Selb J, Candau F. Dynamics of high molecular weight polyelectrolytes. Langmuir 1998;14:735-737. 
 
315 Boris D C, Colby R H. Rheology of sulfonated polystyrene solutions. Macromolecules. 1998;31:5746-5755. 
 
316 Yamaguchi M, Wakutsu M, Takahashi Y, Noda I. Viscoelastic properties of polyelectrolyte solutions. 1. Zero-
shear viscosity. Macromolecules 1992;25:470-474. 
 
317 Yamaguchi M, Wakutsu M, Takahashi Y, Noda I. Viscoelastic properties of polyelectrolyte solutions. 2. Steady 
state compliance. Macromolecules 1992;25:475-478. 
 
318 Bordi F, Colby R H, Cametti C, De Lorenzo L, Gill T. Electrical conductivity of polyelectrolyte solutions in the 
semidilute and concentrated regime: The role of counterion condensation. J. Phys. Chem. B. 2002;106:6887-6893. 
 
319 Colby R H, Boris D C , Krause W E, Tan J S. Polyelectrolyte conductivity. J. Polym. Sci. Part B: Polym. Phys. 
1997;35:2951-2969. 
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electrospinning jet.320  In particular, the addition of monovalent salts to neutral polymer solutions 

increased solution conductivity, and in general, the electrospinning process generated submicron 

fibers on the order of 100 nm to 10 mm upon stretching an electrified polymer jet.321  The 

resulting non-woven, fibrous mats possess a high specific surface area, sub-micron pores, and a 

high degree of porosity, which resulted in a wide range of applications including filtration 

devices, membranes, vascular grafts, protective clothing, molecular templates, tissue scaffolds, 

optical devices, and biologically functional fibers.322,323,324,325,326,327,328 

A polymer solution with sufficient chain overlap and entanglements undergoes a bending 

instability that causes a whip-like motion between the capillary tip and the grounded target, and 

this motion results in thinning of the jet and formation of sub-micron scale fibers.329,330  Fridrikh, 

                                                 
320 Fong H, Chun I, Reneker D H. Beaded nanofibers formed during electrospinning. 1999;40:4585-4592. 
 
321Reneker D H, Chun I. Nanometre diameter fibers of polymer, produced by electrospinning. Nanotechnology. 
1996;7:216-223. 

322Li D, Xia Y. Electrospinning of nanofibers:  Reinventing the wheel? Adv. Mat. 2004;16:1151-1170. 
 
323Gibson P, Schreuder-Gibson H, Rivin D. Transport properties of porous membranes based on electrospun 
nanofibers. Colloids and Surfaces A: Physiochemical and Engineering Aspects 2001;187-188:469-481. 
 
324 Kim K, Luu Y K, Chang C, Fang D, Hsiao B S, Chu B, Hadjiargyrou M. Incorporation and controlled release of 
a hydrophilic antibiotic using poly(lactide-co-glycolide)-based electrospun nanofibrous scaffolds. Journal of 
Controlled Release 2004;98:47-56. 
 
325Keneway E-R, Bowlin G L, Mansfield K, Layman J, Simpson D G, Sanders E H, Wnek G E. Release of 
tetracycline hydrochloride from electrospun poly(ethylene-co-vinylacetate), poly(lactic acid), and a blend. Journal of 
Controlled Release 2002;81:57-64. 
 
326 Yoshimoto H, Shin Y M, Terai H, Vacanti J P. A biodegradable nanofibers scaffold by electrospinning and its 
potential for bone tissue engineering. Biomaterials 2003;24:2077-2082 
 
327Wang X, Drew C, Lee S-H, Senecal K J, Kumar J, Samuelson L A. Electrospun nanofibers membranes for highly 
sensitive optical sensors. Nano Letters. 2002;2:1273-1275. 
 
328 Casper C L, Yamaguchi N, Kiick K L, Rabolt J F. Functionalizing electrospun fibers with biologically relevant 
macromolecules. Biomacromolecules 2005;6:1998-2007. 
 
329 Yarin A L, Koombhongse S, Reneker D H. Bending instability in electrospinning nanofibers. 2001;89:3018-
3026. 
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Brenner, and Rutledge developed a model that predicts fiber diameter for several polymer 

solutions at various concentrations and as a function of surface tension and volume charge 

density.331  Recent empirical correlations were developed in our laboratories that relate 

electrospun fiber morphology and fiber diameter to the number of chain entanglements in 

solution (C/Ce) where C is the polymer concentration.332  This relationship was applicable for a 

range of molar masses and molecular architectures, including linear, randomly branched, highly 

branched, and star-shaped topologies.  Moreover, electrospun fiber diameters were accurately 

predicted for several different classes of polymers, including poly(alkyl methacrylates), 

polyesters, and polyurethanes.333  Other researchers have also described the influence of chain 

entanglement density on electrospun fiber formation.334,335  In particular, Shenoy et al. recently 

developed a semi-empirical analysis that predicts the fiber morphology (beads, beaded fibers, or 

uniform fibers) in terms of the polymer concentration in solution, the weight average molar mass 

(Mw), and the critical entanglement molar mass (Mc).
336 

                                                                                                                                                             
 
330 Shin Y M, Hohman M M, Brenner M P, Rutledge G C. Electrospinning:  A whipping fluid generates submicron 
polymer fibers. Appl. Phys. Lett. 2001;78:1149-1151. 
 
331 Fridrikh S V, Yu J H, Brenner M P, Rutledge G C. Controlling the fiber diameter during electrospinning. Phys. 
Rev. Lett. 2003;90:144502-1-4. 
 
332 McKee M G, Wilkes G L, Colby R H, Long T E. Correlations of solution rheology and electrospun fiber 
formation for linear and branched polyesters. Macromolecules 2004;37:1760-1767 
 
333 McKee M G, Park T, Unal S, Yilgor I, Long T E. Electrospinning of linear and highly branched segmented 
poly(urethane urea)s. Polymer 2005;46:2011-2015. 
 
334Koski A, Yim K, Shivkumar S. Effect of molecular weight on fibrous PVA produced by electrospinning. Mat. 
Lett. 2004;58:493-497. 
 
335 Gupta P, Elkins C, Long T E, Wilkes G L. Electrospinning of linear homopolymers of poly(methyl 
methacrylate): exploring relationships between fiber formation, viscosity, molecular weight, and concentration in a 
good solvent. Polymer 2005;46:4799-4810. 
 
336 Shenoy S L, Bates W D, Frisch H L, Wnek G E. Role of chain entanglements on fiber formation during 
electrospinning of polymer solutions: good solvent, non-specific polymer-polymer interaction limit. Polymer 
2005;46:3372-3384. 
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Many researchers have shown that the addition of inorganic salts to polymer solutions 

increases the net charge density of the electrospinning jet.337,338,339,340,341  The increase in net 

charge density increases the charge repulsion in the jet, thereby leading to more plastic stretching 

during electrospinning and the formation of thinner fibers.  Moreover, the addition of salts to 

polymer solutions decreased the concentration of bead defects in the resulting electrospun 

fibers.320  This was attributed to the increase in charge repulsion along the jet and subsequent 

increase in surface area, which favors the formation of thinner fibers instead of beads.  While 

solution conductivity was tailored with the addition of salt, significantly less work has focused 

on electrospinning charged polymers.  Son et al. varied the conductivity of poly(ethylene oxide) 

solution upon adding small amounts (0 to 4 wt%) of a polyelectrolyte and studied the resulting 

diameter and morphology of the electrospun fibers.342  The same researchers also studied the 

influence of pH on electrospinning poly(vinyl alcohol) (PVA) fibers.343  A reduction in fiber 

diameter was observed when electrospinning from basic PVA solutions due to larger solution 

                                                                                                                                                             
 
 
337 Subbiah T, Bhat G S, Tock R W, Parameswaran S, Ramkumar S S. Electrospinning of nanofibers. J. Appl. 
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7229. 
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conductivity.  More recently the electrospinning behavior of poly(acrylic acid) (PAA) in aqueous 

and DMF solutions was investigated.344   Unlike poly(2-(dimethylamino)ethyl methacrylate 

hydrochloride) (PDMAEMA·HCl) aqueous solutions, a charge is not present on each repeat unit 

of the PAA backbone since the fraction of the dissociated carboxylic acid groups depends on the 

pKa of PAA. 

In this current work, PDMAEMA·HCl was electrospun in the presence of various 

amounts of NaCl in order to determine the role of polyelectrolyte interactions on fiber formation.  

Electrospun fibers that are composed of quaternary ammonium polyelectrolytes, such as 

PDMAEMA·HCl, may prove useful as protective clothing since quaternary ammonium 

compounds serve as antimicrobial agents.345  Due to the high electrical conductivity of 

polyelectrolyte solutions, electrospinning PDMAEMA·HCl generates sub-micron fibers with 

considerably larger specific surface areas than neutral polymers. Moreover, since the added salt 

ions effectively screen electrostatic interactions, a crossover from polyelectrolyte electrospinning 

behavior to neutral polymer electrospinning behavior may be observed in the high salt limit.  

Herein, the electrospinning performance of polyelectrolyte solutions with and without added salt 

is compared to previous empirical relationships developed for neutral, non-associating polymers. 

 

                                                 
344 Li L, Hsieh Y-L. Ultra-fine polyelectrolyte fibers from electrospinning of poly(acrylic acid). Polymer 
2005;46:5133-5139. 
 
345 Boulmedais F, Frisch B, Etienne O, Lavalle Ph, Picart C, Ogier J, Voegel J-C, Schaaf P, Egles C. Polyelectrolyte 
multilayer films with pegylated polypeptides as a new type of anti-microbial protection for biomaterials. 
Biomaterials 2004;25:2003-2011. 
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7.3 Experimental 

7.3.1 Materials 

  2-(dimethylamino)ethyl methacrylate (DMAEMA) was purchased from Sigma Aldrich 

and passed through a basic alumina column in order to remove the free radical inhibitor.  

Ammonium persulfate initiator was also purchased from Sigma Aldrich and used as received.  

All other solvents and reagents were purchased from commercial sources and used without 

further purification. 

7.3.2 Instrumentation   

1H NMR spectroscopy was performed on a Varian Unity 400 spectrometer at 400 MHz in 

deuterium oxide.  Steady shear experiments were performed with a VOR Bohlin strain-

controlled solution rheometer at 25 ± 0.2 °C using a concentric cylinder geometry.  The bob and 

cup diameters employed for rheological measurements were 14 and 15.4 mm, respectively. 

Electrospun fiber diameter and morphology were analyzed using a LeoÒ 1550 field emission 

scanning electron microscope  (FESEM).  Fibers for FESEM analysis were collected on a 1/4” X 

1/4” stainless steel mesh, mounted on a SEM disc, and sputter-coated with an 8 nm Pt/Au layer 

to reduce electron charging effects.  Fifty measurements on random fibers for each 

electrospinning condition were preformed and average fiber diameters are reported.  Solution 

conductivities were measured with an Oakton testerÒ (Acorn series, Model CON 6) calibrated 

with a 1 mS/cm standard solution from VWR Scientific. 

7.3.3 Synthesis of PDMAEMA   

DMAEMA (15 g, 95 mmol) was added to a 250-mL round-bottomed flask equipped with 

a magnetic stir bar, and the monomer was diluted with deionized water (60 g, 80 wt%).  The 

monomer solution was titrated with HCl aqueous solution to a pH of 5 to protonate the monomer 
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(DMAEMA·HCl).  Finally, the ammonium persulfate initiator (15 mg, 0.1 wt% to 300 mg, 2 

wt%) was added to the reaction vessel. The round-bottomed flask was equipped with a rubber 

septum and placed in a 60 °C oil bath.  The polymerization was allowed to proceed for 24 h, and 

the polymer was precipitated into 1000 mL of acetone and dried under reduced pressure (0.5 mm 

Hg) at 100 °C for 24 h.  The product was characterized with 1H NMR spectroscopy without 

further purification. 

7.3.4 Electrospinning Process   

PDMAEMA·HCl was dissolved in 80/20 wt/wt deionized water/methanol (MeOH) at 

various polymer concentrations.   NaCl (0 to 50 wt% compared to the polymer) was added to the 

aqueous polymer solutions.  The solutions were then placed in a 20 mL syringe, which was 

mounted in a syringe pump (KD Scientific Inc, New Hope, PA).  The positive lead of a high 

voltage power supply (Spellman CZE1000R; Spellman High Voltage Electronics Corporation) 

was connected to the 18-gauge syringe needle via an alligator clip.  A grounded metal target 

(304-stainless steel mesh screen) was placed 20 cm from the needle tip.  The syringe pump 

delivered the polymer solution at a controlled flow rate of 6 mL/h, and the voltage was 

maintained at 25 kV.  It was necessary to maintain constant processing conditions to determine 

the role of polyelectrolyte behavior on electrospun fiber morphology and diameter. 

 

7.4 Results and Discussion 

7.4.1 Solution rheology of PDMAEMA·HCl aqueous solutions with and without added salt 

  DMAEMA·HCl was polymerized via conventional free-radical methodologies in the 

presence of 0.1, 1.0, and 2.0 wt% ammonium persulfate (APS) to generate polyelectrolytes with 

various molar mass (Figure 7.1).  The backbone possessed a positive charge due to the pendant  
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Figure 7.1 Synthesis of poly(2-(dimethylamino)ethyl methacrylate hydrochloride) via free 

radical polymerization. 
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quaternary amine with chlorine counterion.  Unfortunately, molar mass determination via 

aqueous size exclusion chromatography (SEC) proved unsuccessful due to polyelectrolyte 

aggregation; however, a future report will describe efforts to obtain reproducible aqueous SEC 

measurements in the presence of various inorganic salts.  All rheological and electrospinning 

experiments were performed with homogeneous PDMAEMA·HCl solutions in an 80/20 wt/wt 

deionized water/MeOH cosolvent, which permitted desired volatility for electrospinning. 

Steady shear experiments were performed on polyelectrolyte solutions with a range of 

approximately 2 orders of magnitude in concentration.  Specific viscosity versus concentration 

profiles were obtained for PDMAEMA·HCl solutions that spanned the semi-dilute unentangled 

and semi-dilute entangled regimes.  The entanglement concentration (Ce) is the transition 

between the unentangled and entangled semi-dilute regimes, and marks the solution 

concentration at which chains overlap sufficiently to form topologically constrained 

entanglements.346   Figure 7.2 shows the dependence of hsp on concentration for the 0.1 wt% 

APS PDMAEMA·HCl in an 80/20 H2O/MeOH cosolvent.  In a consistent manner with 

theoretical predictions for polyelectrolytes (Eq. 1) hsp ~ C0.6 in the semi-dilute unentangled 

regime, hsp ~ C1.5 in the semi-dilute entangled regime, and hsp recovers the neutral polymer 

scaling in the concentrated regime.  Both Ce and the onset of the concentrated regime (CD) were 

measured over this concentration range, with values of approximately 1 wt% and 10 wt% 

respectively.  In a consistent manner with predictions by Rubinstein et al.,304 the slope increased 

at CD because the electrostatic charges were screened in the concentrated regime due to overlap 

of the electrostatic blobs.  The slopes in Figure 7.2 are in very good agreement with the  

                                                 
346 Krause W E, Bellomo E G, Colby R H. Rheology of sodium hyaluronate under physiological conditions. 
Biomacromolecules 2001;2:63-69. 
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Figure 7.2 Dependence of hsp on PDMAEMA·HCl (0.1 wt% APS) concentration.  Ce and CD are 

1 wt% and 10 wt% respectively. 
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theoretical predictions of polyelectrolytes (hsp ~ C 0.6 and hsp ~ C 1.5).  Thus, it is apparent that 

PDMAEMA·HCl behaves as a polyelectrolyte in the 80/20 H2O/MeOH mixed cosolvent.   

Figure 7.3 compares the concentration dependence of hsp for the 0.1 and 2.0 wt% 

PDMAEMA·HCl, and a qualitative comparison was obtained despite the lack of SEC molar 

mass information.  The value of Ce increased from 1.0 to 8.0 wt% and CD increased from 10 to 

20 wt% as the initiator concentration was increased.  This is not surprising as higher molar mass 

chains entangle more readily than lower molar mass chains, and other researchers have also 

showed an inverse relationship between Ce and polyelectrolyte chain length.347  The slopes for 

the lower molar mass PDMAEMA·HCl in Figure 7.3 are also in excellent agreement with the 

scaling relationships for polyelectrolytes (hsp ~ C 0.7 in the semidilute unentangled regime and 

hsp ~ C 1.8 in the semidilute entangled regime). 

Various amounts of NaCl were added to the PDMAEMA·HCl solutions to determine the 

influence of charge screening on the solution rheological behavior.  In the high salt limit, the 

electrostatic interactions along a polyelectrolyte backbone are completely screened and the 

scaling relationships for neutral polymers are recovered.348  Figure 7.4 shows the hsp of the 

0.1wt% APS PDMAEMA·HCl systematically decreased with increasing levels of NaCl in the 

semi-dilute regimes.  The salt screened the electrostatic repulsive forces along the polymer 

backbone and enabled the PDMAEMA·HCl to adopt a flexible, coil-like conformation.  Since 

coiled chains occupy a smaller volume in solution than extended, rod-like chains, the hsp 

systematically decreased with NaCl addition.  This viscosity dependence on salt concentration  

                                                 
347 Di Cola E, Plucktaveesak N, Waigh T A, Colby R H, Tan J S, Pyckhout-Hintzen W, Heenan R K. Structure and 
dynamics in aqueous solutions of amphiphilic sodium maleate containing alternating copolymers. Macromolecules 
2004;37:8457-8465. 

 
348 Lauten R A, Nystrom B. Linear and nonlinear viscoelastic properties of aqueous solutions of cationic 
polyacrylamides. Macromol. Chem. Phys. 2000;201:677-684. 
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Figure 7.3.  Influence of molar mass and concentration on the viscosity of poly(2-

(dimethylamino)ethyl methacrylate hydrochloride).  Ce and CD shift to higher concentrations 

with decreasing molar mass. 
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Figure 7.4. Effect of added NaCl on polyelectrolyte solution behavior.  Ce systematically 

increased from 1.0 wt% to 3.5 wt% with NaCl concentration due to screening of electrostatic 

interactions. 
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was consistent with earlier polyelectrolyte scaling relationships.349  It is also clear from Figure 4 

that at high concentrations, near CD, the hsp of the polyelectrolyte solutions with added NaCl 

approached the salt free solutions.  This is due to the overlap of the electrostatic blobs, which 

also served to screen mutual charge repulsion along the polymer backbone.  Thus at 

concentrations near CD, chain overlap and entanglements rather than salt concentration 

dominated the PDMAEMA·HCl solution dynamics. 

The addition of NaCl also influenced the transitions between the different concentration 

regimes.  In Figure 7.4, Ce systematically increased from 1.0 to 3.5 wt% as the NaCl content was 

increased from 0 to 50 wt% relative to PDMAEMA·HCl (Table 7.1).  Since chains that are 

extended in solution occupy a larger hydrodynamic volume relative to random coiled chains, 

salt-free PDMAEMA·HCl formed entanglement couplings more readily with neighboring chains 

compared to the random coiled PDMAEMA·HCl in the presence of NaCl.  The CD transition was 

not measured for the solutions with added salt since CD was outside of the concentration range 

investigated.  It is also evident from Figure 7.4 that the slopes in the semi-dilute unentangled and 

semi-dilute entangled regimes were dependent on NaCl concentration.  Table 7.1 summarizes the 

exponents in the two semi-dilute concentration regimes as well as the neutral scaling behavior.  

A gradual transition from polyelectrolyte to neutral behavior was observed for PDMAEMA·HCl 

with increasing salt concentration.  Yamaguchi et al. also reported an increase in the 

concentration dependence of hsp with added salt for poly(N-methyl-2-vinylpyridinium 

chloride).316  

                                                 
349 Konop A J, Colby R H. Polyelectrolyte charge effects on solution viscosity of poly(acrylic acid). 
Macromolecules 1999;32:2803-2805. 
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Table 7.1 Influence of NaCl on scaling exponents and entanglement concentration for 

PDMAEMA·HCl solutions 

NaCl Concentration 
(wt%) 

Semi-dilute 
unentangled exponent 

(a)* 

Semi-dilute 
entangled exponent 

(b)** 
Ce (wt%) 

0 0.6 1.5 1.0 

1.0 0.7 1.6 1.5 

10 0.9 2.0 2.0 

20 1.1 2.5 3.0 

50 1.2 3.1 3.5 

Neutral limit 1.25 3.75  

 
* hsp ~ Ca for C*<C<Ce 
** hsp ~ Cb for Ce< C<CD 
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7.4.2 Electrospinning of PDMAEMA with various levels of NaCl 

All polyelectrolyte solutions were electrospun at constant conditions (25 kV, 6 mL/h, and 

20 cm working distance) to ensure that changes in fiber morphology and diameter were only 

attributed to solution properties.  The solutions were electrospun from the semi-dilute 

unentangled, semi-dilute entangled, and concentrated regimes.  The solution rheology and 

electrospinning trials were performed at the same conditions (room temperature, 80/20 wt/wt 

H2O/MeOH) to ensure constant hydrodynamic dimensions of the polyelectrolytes in solution 

prior to experiencing the electric field. Previously, our laboratories reported that Ce was the 

minimum concentration, which was required to electrospin beaded nanofibers for a series of 

linear and branched polyesters and poly (alkyl methacrylates).332,350,351  Consequently, the 

polyelectrolyte electrospinning performance was compared to the previously developed 

empirical relationships for these neutral, non-associating polymers. 

Figure 7.5 shows FESEM images of electrospun fibers that were formed from salt-free, 

0.1 wt% APS PDMAEMA·HCl (Ce = 1.0 wt% in 80/20 H2O/MeOH) solutions at several 

concentrations.  At 7 wt%, polymer droplets were formed in the semi-dilute entangled regime 

(Figure 7.5a) in contrast to neutral polymers, which only form droplets when electrospun from 

the semi-dilute unentangled regime.332 Beaded fibers with an average diameter of 120 nm were 

formed at 8 wt%, which corresponded to 8Ce (Figure 7.5b), and defect-free fibers with an 

average diameter of 170 nm were formed at 9 wt% (Figure 7.5c).  The average fiber diameter 

continued to increase from 280 to 480 nm as the PDMAEMA·HCl concentration was increased 

from 10 to 14 wt% (Figures 7.5d to 7.5f).  In light of correlations that were developed for neutral  

                                                 
350 McKee M G, Elkins C L, Long T E. Influence of self-complementary multiple hydrogen bonding on solution 
rheology/electrospinning relationships. Polymer 2004;45:8705-8715. 
 
351 McKee M G, Long T E. Polym. Prepr. (Am. Chem. Soc., Div. Polym. Chem.) 2004;45:130-131. 
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(a): 7 wt% (b): 8 wt% (C = 8Ce)

(c): 9 wt% (d): 10 wt%

(e): 12 wt% (f): 14 wt%

10 mm

(a): 7 wt% (b): 8 wt% (C = 8Ce)
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Figure 7.5 FESEM images of electrospun PDMAEMA·HCl fibers (0.1 wt% APS, Ce = 1.0 wt%) 

with no added salt.  All images were collected at the same magnification. 



 
 

207 

polymers, which predicted the formation of beaded fibers at Ce, it was surprising that 

PDMAEMA·HCl fibers were not obtained below 8Ce.  This observation was attributed to the 

influence of solvent quality on the polyelectrolyte entanglement coupling as described below. 

The h0 of a polymer in a q solvent display a greater concentration dependence in the 

entangled regime compared to a polymer in a good solvent.352  Moreover, polymers in a good 

solvent have a larger h0 compared to polymers in a q solvent at low concentrations due to the 

larger hydrodynamic volume of the former, while the opposite is true at high concentrations.  

Isono and Nagasawa speculated that the strength of entanglement couplings was greater in q 

solvents compared to good solvents.353  The authors showed that the rupture energy of a poly(a-

methylstyrene) entanglement coupling in a q solvent was greater than in a good solvent.  Water 

is considered a very good solvent for many polyelectrolytes.  For example, Mark-Houwink 

exponents of approximately 1.0 were reported for poly(2-acrylamido-2-methylpropanesulfonate) 

in aqueous solution.354  Consequently, PDMAEMA·HCl may not form fibers at Ce due to weaker 

chain entanglements between the charged chains in a very good solvent compared to previously 

electrospun neutral polymers in both good solvents and q solvents. 

The size of the ions that are carried in the electrospinning jet may also influence the 

polyelectrolyte electrospinning behavior.  Zong et al. reported that ions with smaller atomic radii 

are more mobile under an external electric field, and thus impart a higher degree of stretching in 

the electrospinning jet.338  A charged polymer possesses a significantly larger atomic radius than 

                                                 
352 Colby R H, Rubinstein M. Two-parameter scaling for polymers in q solvents. Macromolecules 1990;23:2758-
2757. 
 
353 Isono Y, Nagasawa M. Solvent effects on rheological properties of polymer solutions. Macromolecules 
1980;13:862-867. 
 
354 Fisher L W, Sochor A R, Tan J S. Chain characteristics of poly(2-acrylamido-2-methylpropanesulfonate) 
polymers. 1. Light-scattering and intrinsic viscosity studies. Macromolecules 1977;10:949-954. 
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free salt ions, and consequently, electrospinning polyelectrolytes may result in instabilities in the 

electrospinning jet which may be attributed to the relative low mobility of the polyions.  Son et 

al. reported difficulties in electrospinning protonated poly(vinyl alcohol) (PVA) as the low 

mobility of the PVA polyions resulted in local variations in charge density and uneven 

elongation forces in the electrospinning jet.343  The authors conjectured that the large degree of 

repulsion between charged groups on the chain backbone prevented the formation of a 

continuous jet.  

Figure 7.6 shows the dependence of PDMAEMA·HCl (0.1 wt% APS) electrospun fiber 

diameter on normalized concentration (C/Ce).  The solid black line (Eq. 7.2) is a correlation that 

was developed for linear and branched neutral, non-associating polymers.  
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The variable D is the average fiber diameter in microns.  Since it was determined that Ce was 

the minimum concentration to form beaded fibers for neutral polymer solutions, the lower fiber 

diameter limit for electrospinning was approximately 180 nm.  At a given value of C/Ce, 

PDMAEMA·HCl produced electrospun fibers nearly two orders of magnitude smaller than the 

predicted value (solid black line).   

Electrospun fiber diameter is also dependent on the h0 for several different classes of 

polymers over a large concentration range.335   Figure 7.7 compares the fiber diameter - h0 

relationship between PDMAEMA·HCl and neutral polymers (solid black line).  Polyelectrolyte 

solutions produced significantly smaller fibers than the neutral polymer solutions of equivalent 

h0 due to dissociation of the PDMAEMA·HCl ions in aqueous solution.  Previously, our 

laboratories showed slightly smaller fibers than predicted from Eq. (7.2) for poly(methyl  
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Figure 7.6.  Dependence of polyelectrolyte fiber diameter on the normalized concentration.  The 

solid black line predicts the behavior of neutral, non-associating polymers. 
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Figure 7.7.  Effect of h0 on electrospun fiber diameter for neutral polymers and charged 

polymers. 
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methacrylate-co-methacrylic acid) (PMMA-co-PMAA) solutions in dimethyl formamide.350  This 

was attributed to partial dissociation of the carboxylic acid group, which resulted in a higher net 

charge density in the jet and greater charge repulsion during electrospinning.  In fact, the 

PMMA-co-PMAA solutions displayed electrical conductivities nearly an order of magnitude 

greater than the poly(methyl methacrylate) (PMMA) control in the identical solvent. Similarly, 

the PDMAEMA·HCl aqueous solutions had very high electrical conductivities relative to the 

neutral polymer solutions, which resulted in a higher degree of elongation during electrospinning 

and formation of thinner fibers.  Thus, it may be advantageous to electrospin polyelectrolytes 

rather than neutral polymers for applications demanding high specific surface area.  

Figure 7.8 shows the concentration dependence of electrical conductivity for 

PDMAEMA·HCl (0.1 wt% APS).  A concentration series of PMMA in DMF was included since 

Eq. (2) was developed from electrospinning neutral polymer solutions with conductivities on the 

order of the PMMA/DMF solutions.  The electrical conductivity of the PDMAEMA·HCl 

polyelectrolyte solution was nearly three orders of magnitude larger than the neutral PMMA 

solution.  In contrast to the PMMA solution, the conductivity of the PDMAEMA·HCl solution 

was also dependent on concentration due to an increase in charge density with polyelectrolyte 

concentration.  This explained the significant reduction in polyelectrolyte fiber diameter 

compared to predictions in Figures 7.6 and 7.7. 

PDMAEMA·HCl solutions were also doped with different levels of NaCl relative to the 

polyelectrolyte concentration to determine the role of screening electrostatic interactions on 

electrospinning performance.  Figure 7.9 shows FESEM images of PDMAEMA·HCl electrospun 

with 1 wt% NaCl at several different concentrations.  As described in Section 7.4.1, Ce increased 

from 1 to 1.5 wt% upon increasing NaCl from 0 to 1 wt%. The minimum concentration that was  
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Figure 7.8. Effect of concentration on electrical conductivity for aqueous PDMAEMA·HCl 

solutions and PMMA/DMF solution. 
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(a): 6 wt% (C=4Ce) (b): 7 wt%

(c): 8 wt% (d): 9 wt%

(e): 10 wt% (f): 12 wt%

10 mm

(a): 6 wt% (C=4Ce) (b): 7 wt%
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Figure 7.9. FESEM images of electrospun PDMAEMA·HCl fibers (0.1 wt% APS, Ce = 1.5 wt%) 

with 1 wt% added NaCl.  All images were collected at the same magnification. 
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required to form electrospun fibers was 6 wt%, or 4Ce (Figure 7.9a).  The average fiber diameter 

that was reproducibly formed from the 6 wt% solution was 60 nm.  The addition of 1 wt% NaCl 

shifted the minimum concentration for fiber formation closer to Ce, which is the minimum 

concentration for fiber formation for neutral polymers.  This was attributed to a reduction in 

electrostatic charge repulsion along the polymer backbone, which decreased the expanded chain 

conformation of the chain.  Consequently, stronger entanglement couplings formed between the 

random coiled chains compared to the unscreened expanded PDMAEMA·HCl chains.  Beaded 

fibers approximately 90 nm in diameter were formed at 7 wt% (Figure 7.9b), while uniform, 

bead-free fibers were produced at 8 wt% (Figure 7.9c).  As the concentration was increased from 

9 to 10 wt%, the average fiber diameter further increased from 160 to 290 nm (Figure 7.9d and 

7.9e).  Finally, at 12 wt% the average electrospun fiber diameter was 600 nm (Figure 9f).  

Moreover, NaCl crystals appeared on the fiber surface as shown in Figure 7.9f. 

Figure 7.10 shows FESEM images of PDMAEMA·HCl fibers that were electrospun with 

50 wt% added NaCl.  The hsp-C scaling exponents in Table 7.1 show that the neutral scaling 

behavior was approximately recovered at 50 wt% NaCl, which indicated that nearly all 

electrostatic charges were screened.  The minimum concentration for fiber formation was 6 wt% 

(Figure 7.10a), or 1.7Ce, which is significantly closer to neutral polymer behavior than in 

Figures 7.5 and 7.9.  Thus as the NaCl level was increased, the electrospinning behavior of the 

polyelectrolyte solution shifted toward behavior that was expected of an uncharged polymer.  

Beaded fibers with approximately 130 nm in diameters were produced when PDMAEMA·HCl 

with 50 wt% added NaCl was electrospun at 8 wt% (Figure 7.10b), while uniform fibers (~260 

nm) were produced at 9 wt% (Figure 7.10c).  The average fiber diameter systematically  
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(a): 6 wt% (C=1.7Ce) (b): 8 wt%

(c): 9 wt% (d): 10 wt%

(e): 12 wt% (f): 12 wt%

10 mm

(a): 6 wt% (C=1.7Ce) (b): 8 wt%

(c): 9 wt% (d): 10 wt%

(e): 12 wt% (f): 12 wt%

(a): 6 wt% (C=1.7Ce) (b): 8 wt%

(c): 9 wt% (d): 10 wt%

(e): 12 wt% (f): 12 wt%

10 mm10 mm

 

Figure 7.10. FESEM images of electrospun PDMAEMA·HCl fibers (0.1 wt% APS, Ce = 3.5 

wt%) with 50 wt% added NaCl.  All images were collected at the same magnification. 
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increased from 300 nm to 1.2 mm (Figures 7.10d to 7.10f) as the concentration was increased 

from 10 to 14 wt%. 

Table 7.2 summarizes the electrospinning behavior of PDMAEMA·HCl with various 

levels of NaCl and provides a comparison to neutral polymer behavior.  In particular, the 

minimum normalized concentration and the h0 at which fiber formation occurred are presented.  

A systematic trend towards neutral polymer electrospinning behavior was evident as the NaCl 

concentration was increased.  As mentioned previously, concentrations that were well above Ce 

were required to electrospin fibers from the salt free polyelectrolyte solutions, while fibers 

formed at Ce with neutral polymer solutions.  Weaker entanglements may be attributed to the 

expanded chain conformation of the polyelectrolytes as compared to entanglements between the 

coil-like conformation of the neutral polymers.  The large degree of repulsion between charged 

sites on the polyelectrolyte backbone may also require very high viscosity solutions (C>Ce) to 

form a stable jet.   

Figure 7.11 shows the influence of NaCl on the electrospun fiber diameter dependence on 

the normalized concentration.  The solid black line represents the electrospinning behavior of 

neutral polymer solutions as defined in Eq. (7.2).  As mentioned previously, PDMAEMA·HCl 

formed thinner fibers than predicted due to the large solution conductivity of polyelectrolytes 

and high degree of charge repulsion in the electrospinning jet (Figure 7.8).  For a given value of 

C/Ce, the average fiber diameter increased with NaCl addition.  Moreover, as the salt 

concentration was raised from 0 to 20 wt%, the fiber diameter dependence on C/Ce shifted to the 

neutral polymer relationship (Eq. 7.2).  The electrostatic repulsive interactions between charged 

groups were progressively screened as the NaCl was increased, which decreased the stretching in 

the electrospinning jet and increased the fiber diameter.  Figure 7.11 indicates that the  



 
 

217 

 

 

Table 7.2. Influence of NaCl on electrospun fiber formation 

NaCl Concentration 
(wt%) 

C/Ce at onset of fiber 
production 

h0 (cP) at onset of fiber 
production 

0 8.0 2500 

1.0 4.0 1100 

10 3.5 880 

20 2.3 520 

50 1.7 100 

Neutral limit 1.0 ~ 20 
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Figure 7.11.  The influence of NaCl on the average electrospun fiber diameter dependence on the 

normalized concentration. As NaCl concentration is increased, the polyelectrolyte behavior shifts 

to the neutral polymer behavior (solid black line). 
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electrospun fiber diameter was insensitive to salt concentrations that were greater than 20 wt%, 

which indicated that the majority of polyelectrolyte electrostatic interactions were screened at 

high salt concentrations.  These results are in qualitative agreement with results from Kim et al. 

who observed an increase in poly(acrylic acid) fiber diameter in the presence of NaCl.355 

The conductivity of the PDMAEMA·HCl (0.1 wt% APS) solutions increased slightly 

with NaCl concentration due to an increased ion content (Figure 7.12).  Bordi et al. also showed 

an increase in electrical conductivity with added NaCl for a series of aqueous poly(acrylic acid) 

solutions.356  Higher solution conductivity generally results in thinner electrospun fibers. 

However, the PDMAEMA·HCl average fiber diameter actually increased with NaCl 

concentration due to the competing effect of electrostatic screening. Electrostatic screening 

reduced the charge repulsion in the electrospinning jet and ultimately decreased the degree of 

stretching.  Li and Hsieh recently observed similar behavior when electrospinning poly(acrylic 

acid) solutions with added salt.344  It should be noted that even at very high NaCl levels of 50 

wt%, the neutral polymer behavior was not completely recovered (Figure 7.11).  The electrical 

conductivity was still 3 to 4 orders of magnitude larger for the PDMAEMA·HCl polyelectrolytes 

compared to the neutral polymer solutions and thinner fibers were produced.   

 

7.5 Conclusions    

The electrospinning behavior and influence of NaCl addition were studied for a series of 

PDMAEMA·HCl 80/20 wt/wt H2O/MeOH solutions.  The aqueous PDMAEMA·HCl solutions 

displayed classic polyelectrolyte behavior with hsp ~ C0.6 in the semi-dilute unentangled regime  

                                                 
355 Kim B, Park H, Lee S-H, Sigmund W M. Poly(acrylic acid) nanofibers by electrospinning. Mat. Lett. 
2005;59:829-832. 
 
356 Bordi F, Cametti C, Gili T. Electrical conductivity of polyelectrolyte solutions in the presence of added salt: The 
role of the solvent quality factor in light of a scaling approach.  Phys. Rev. E. 2003;68(1) Art No. 011805. 
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Figure 7.12.  The influence of NaCl concentration on PDMAEMA·HCl solution conductivity.  A 

neutral PMMA/DMF solution is included for comparison. 
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and hsp ~C1.5 in the semi-dilute entangled regime.  As expected, Ce systematically increased with 

NaCl concentration as the extended, rod-like chains adopted a random, coil-like conformation.  

Furthermore, the scaling behavior in the semi-dilute entangled regime shifted from 

polyelectrolyte (hsp ~ C 0.5) to neutral polymer behavior (hsp ~ C 3.75) in the high salt limit.  

While neutral polymer solutions produce beaded electrospun fibers at Ce, salt free 

PDMAEMA·HCl solutions did not form fibers at concentrations less than 8Ce.  The minimum 

concentration for fiber formation decreased to 1.5Ce as the concentration of NaCl was increased 

to 50 wt%.  This decrease was attributed to screening of the repulsive, electrostatic interactions 

that stabilize the electrospinning jet.  Moreover, due to the large electrical conductivity of the 

polyelectrolyte solutions, the average diameters of the polyelectrolyte fibers were 2 to 3 orders of 

magnitude smaller compared to neutral polymer solutions of equal h0 and normalized 

concentration (C/Ce).  These ultra-fine electrospun PDMAEMA·HCl fibers may prove useful in 

protective clothing applications for chemical and biological agents as quaternary ammonium 

compounds are known antimicrobial agents. 
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Chapter 8. Phospholipid Non-woven Fibrous Membranes 

(McKee M G, Layman J M, Cashion M P, Long T E. Science 2005; submitted for publication) 

 

8.1 Abstract 

 
Biocompatible nonwoven membranes were formed from electrospinning lecithin (a natural 

mixture of phospholipids and neutral lipids) solutions in a single processing step.  As the 

concentration of lecithin was increased, the micellar morphology evolved from spherical to 

cylindrical, and at higher concentrations the cylindrical micelles overlapped and entangled 

similar to polymers in semi-dilute or concentrated solutions.  Dynamic light scattering (DLS) and 

solution rheology were utilized to probe the morphology of the lecithin micelles.  At 

concentrations above the onset of entanglement of worm-like micelles (C > Ce), electrospun 

fibers were fabricated on the order of 1 to 5 mm.  Comparison of the electrospinning performance 

of the phospholipids to empirical correlations that were developed earlier for neutral polymers 

revealed the entangled phospholipid micelles behaved as associating polymers.  The electrospun 

phospholipid fibers afford direct fabrication of bio-functional, high surface area membranes 

without the use of multiple synthetic steps, complicated electrospinning designs, or post 

processing surface treatments.   

 

8.2 Introduction 

Due to their amphiphilic chemical structure, phospholipids organize into a bilayer matrix, 

which serve as the building blocks of cell membranes.357  Phospholipids possess a charged head 

                                                 
357 Pratt C W, Cornely K. Essential Biochemsitry, John Wiley & Sons, Inc. 2004. 
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group and a hydrocarbon tail that contain various amounts of unsaturation.  Significant work has 

focused on engineering stable biomembranes as a result of polymerizing functionalized 

phospholipids or post-polymerization functionalization with phospholipid reagents.358,359  For 

example, Nakaya et al. synthesized an alkyl methacrylate monomer with a phospholipid head 

group, which was deemed biocompatible with suppression of protein adsorption and platelet 

adhesion.360  Thus, phospholipid-containing polymers are attractive candidates for blood 

purification membranes, artificial heart valves, artificial organs, and several other prosthetic 

devices. 361,362,363,364  An alternative method for designing biocompatible devices involves coating 

suitable substrates with phospholipids.365,366  Xu et al. improved the surface biocompatibility of a 

microporous poly(propylene) membrane via covalently grafting a phospholipid modified 

poly(alkyl methacrylate) onto the substrate, and observed reduced protein adsorption compared 

                                                                                                                                                             
 
358 Fendler J H. Polymerized surfactant vesicles: novel membrane mimetic systems. Science 1994, 223, 888-894. 
 
359 Chapman D. Biomembranes and new hemocompatible materials. Langmuir 1993, 9, 39-45. 
 
360 Nakai S, Nakaya T, Imoto M. Polymeric phospholipid analogs. 11. Synthesis and polymerization of 2-aminoethyl 
2- (p-methacryloyloxybenzoyloxy)ethyl hydrogen phosphate. Makromol. Chem. 1978, 79, 2349-2353. 
 
361 Koremtsu A, Takemoto Y, Nakaya T, Inou H. Synthesis, characterization and platelet adhesion of segmented 
polyurethanes grafted phospholipid analogous vinyl monomer on surface. Biomaterials 2002, 23, 263-271. 
 
362 Kim K, Shin K, Kim H, Kim C, Byun Y. In-situ photopolymerization of a polymerizable poly(ethylene glycol) 
covered phospholipid monolayer on a methacryloyl terminated substrate. Langmuir 2004, 20, 5396-5402. 
 
363 Ye S H, Watanabe J, Iwasaki Y, Ishihara K. Antifouling blood purification membrane composed of cellulose 
acetate and phospholipid polymer. Biomaterials 2003, 4143-4152. 
 
364 Morimoto N, Iwasaki Y, Nakabayahsi N, Ishihara K. Physical properties and blood compatibility of surface-
modified segmented polyurethane by semi-interpenetrating polymer networks with a phospholipid polymer. 
Biomaterials 2002, 23, 4881-4887. 
 
365 Kim H K, Kim K, Byun Y. Preparation of a chemically anchored phospholipid monolayer on an acrylated 
polymer substrate. Biomaterials 2005, 26, 3435-3444. 
 
366 He P, Urban M W. Controlled phospholipid functionalization of single-walled carbon nanotubes. 
Biomacromolecules 2005, 
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to unfunctionalized poly(propylene) membranes.367,368  The disadvantages of a coating strategy 

are numerous including (1) multiple synthetic steps for production of a phospholipid 

functionalized polymer are required and (2) grafting to or grafting from methodologies are 

necessary to sufficiently tailor surface properties.  Thus, the fabrication of a high surface area, 

biocompatible, phospholipid membrane, which involves a single processing step, will offer 

exceptional promise for diverse applications.  Stupp et al. have designed bio-functional 

nanofibers that mimic cellular response from the synthesis of peptide amphiphilic 

molecules.369,370  The self-assembly of the peptide amphiphiles into nanofibers was triggered by 

changes in pH and electrostatic interactions.  The assembly process typically involved the 

organization of amphiphiles in aqueous solution.  In our current work, the utilization of 

electrostatic processing or electrospinning is employed to form bio-functional nonwoven 

phospholipid membranes with high specific surface area and sub-micron degree of porosity. 

Electrospinning is a polymer processing technique, which forms fibers that are two to three 

orders of magnitude smaller than conventionally processed fibers.371,372  The electrospinning 

process is an extension of the electrospraying process, which occurs when a charged droplet of  a 

                                                 
367 Xu Z-K, Dai Q-W, Wu J, Huang X-J, Yang Q. Covalent attachment of phospholipid analogous polymers to 
modify a polymeric membrane surface: a novel approach. Langmuir 2004, 20, 1481-1488. 
 
368 Deng H-T, Xu Z-K, Huang X-J, Wu J, Seta P. Adsorption and activity of Candida rugosa lipase on 
polypropylene hollow fiber membrane modified with phospholipid analogous polymers. Langmuir 2004, 20, 10168-
10173. 
 
369 Niece K L, Hartgerink J D, Donners J J M, Stupp S I. Self-assembly combining two bioactive peptide-
amphiphilic molecules into nanofibers by electrostatic interactions. J. Am. Chem. Soc. 2003, 125, 7146-7147. 
 
370 Guler M O, Soukasene S, Hulvat J F, Stupp S I.  Presentation and recognition of biotin on nanofibers formed by 
branched peptide amphiphiles. Nano Lett. 2005, 5, 249-252. 
 
371Reneker D H, Chun I. Nanometre diameter fibers of polymer, produced by electrospinning. Nanotechnology. 
1996;7:216-223. 

372Fridrikh S V, Yu J H, Brenner M P, Rutledge G C. Controlling the fiber diameter during electrospinning. Phys. 
Rev. Lett. 2003;90:144502-1-4  
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low molar mass fluid is subjected to an electric field.373   When the electrostatic charge on the 

droplet balances the surface tension, the free surface of the droplet distorts into a cone with a 

semi-vertical angle of 49.3°, which is termed a Taylor cone.374   As the electrostatic charge on 

the droplet overcomes the surface tension, the low molar mass fluid destabilizes into small 

droplets.  Electrospinning typically occurs when a charged solution or melt of a high molar mass 

polymer is subjected to an electric field.  Due to the presence of chain entanglements in the 

charged fluid, the fluid does not break up into droplets, but forms a stable jet when the 

electrostatic repulsive forces on the fluid surface overcome the surface tension.  The range of 

fiber diameters is approximately between 100 nm and 10 mm375, and is dependent on (1) process 

variables including electrical field strength, fluid flowrate, and working distance between the 

electrodes376, (2) solution variables including viscosity, electrical conductivity, surface tension, 

and solvent volatility377, and (3) environmental variables including temperature, pressure, and 

humidity.378,379  The subsequent non-woven membranes possess a high specific surface area and 

sub-micron pores, which results in attractive candidates for a wide range of applications 

including filtration devices, vascular grafts, protective clothing, molecular templates, tissue 
                                                 
373 Bailey A G, Electrostatic Spraying of Liquids, Wiley, New York 1988. 
 
374 Taylor G. Proceedings of Royal Society 1964;A 280:383-397. 
 
375 Li D, Xia Y. Electrospinning of nanofibers:  Reinventing the wheel? Adv. Mat. 2004;16:1151-1170.. 
 
376 Deitzel J M, Kleinmeyer D, Harris D, Beck Tan N C. The effect of processing variables on the morphology of 
electrospun nanofibers and textiles. Polymer. 2001;42:261-272. 

377 Lee K H, Kim H Y, La Y M, Lee D R, Sung N H. Influence of mixing solvent with tetrahydrofuran and N,N-
dimethylformamide on electrospun poly(vinyl chloride) nonwoven mats. J. Polym. Sci. Part B: Polym. Phys. 
2002;40:2259-2268. 

378 Megelski S, Stephens J S, Chase B D, Rabolt J F. Micro and nanostructured surface morphology on electrospun 
polymer fibers. Macromolecules 2002;35:8456-8466. 
 
379 Casper C L, Stephens J S, Tassi N G, Chase B D, Rabolt J F. Controlling the surface morphology of electrospun 
polystyrene fibers:  Effect of humidity and molecular weight in the electrospinning process. Macromolecules 
2004;37:573-578. 
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scaffolds, optical devices, nanocomposites, and biologically functional 

fibers.380,381,382,383,384,385,386 

Our laboratories have recently correlated the electrospun fiber morphology and fiber 

diameter to the degree of chain entanglements and chain overlap in solution.387,388  This 

empirical model was applicable to a range of polymer families, molar mass, and molecular 

architectures.  Recently Shenoy et al. also developed a semi-empirical model that predicts the 

fiber morphology in terms of the polymer concentration, the weight average molar mass (Mw), 

and the entanglement molar mass (Me).
389  Since chain overlap and entanglements are necessary 

                                                 
380 Gibson P, Schreuder-Gibson H, Rivin D. Transport properties of porous membranes based on electrospun 
nanofibers. Colloids and Surfaces A: Physiochemical and Engineering Aspects 2001;187-188:469-481. 
 
381 Kim K, Yu M, Zong X, Chiu J, Fang D, Seo Y-S, Hsiao B S, Chu B, Hadjiargyrou M. Control of degradation 
rate and hydrophilicity in electrospun non-woven poly(d,l-lactide) nanofibers scaffolds for biomedical applications. 
Biomaterials 2003, 24, 4977-4985. 
 
382 Keneway E-R, Bowlin G L, Mansfield K, Layman J, Simpson D G, Sanders E H, Wnek G E. Release of 
tetracycline hydrochloride from electrospun poly(ethylene-co-vinylacetate), poly(lactic acid), and a blend. Journal of 
Controlled Release 2002;81:57-64.  
 
383 Yoshimoto H, Shin Y M, Terai H, Vacanti J P. A biodegradable nanofibers scaffold by electrospinning and its 
potential for bone tissue engineering. Biomaterials 2003;24:2077-2082. 
 
384 Wang X, Drew C, Lee S-H, Senecal K J, Kumar J, Samuelson L A. Electrospun nanofibers membranes for highly 
sensitive optical sensors. Nano Letters. 2002;2:1273-1275 
 
385 Wang M, Hsieh A J, Rutledge G C. Electrospinning of poly(MMA-co-MAA) copolymers and their layered 
silicate nanocomposites for improved thermal properties. Polymer 2005, 46, 3407-3418. 
 
386 Casper C L, Yamaguchi N, Kiick K L, Rabolt J F. Functionalizing electrospun fibers with biologically relevant 
macromolecules. Biomacromolecules 2005;6:1998-2007.. 
 
387 McKee M G, Wilkes G L, Colby R H, Long T E. Correlations of solution rheology and electrospun fiber 
formation for linear and branched polyesters. Macromolecules 2004, 37, 1760-1767. 
 
388 Gupta P, Elkins C, Long T E, Wilkes G L. Electrospinning of linear homopolymers of poly(methyl 
methacrylate): exploring relationships between fiber formation, viscosity, molecular weight, and concentration in a 
good solvent. Polymer 2005;46:4799-4810. 
 
389 Shenoy S L, Bates W D, Frisch H L, Wnek G E. Role of chain entanglements on fiber formation during 
electrospinning of polymer solutions: good solvent, non-specific polymer-polymer interaction limit. Polymer 
2005;46:3372-3384. 
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for electrospun fiber formation, typically electrospinning studies involve high molar mass 

polymers.  However, our recent studies have demonstrated that high molar mass polymers are 

not essential for production of uniform electrospun fibers, and the presence of sufficient 

intermolecular interactions and chain entanglements is the primary criterion. For example, 

polymers with strong quadruple hydrogen bonding capabilities displayed electrospinning 

behavior similar to unfunctionalized polymers of significantly higher molar mass.390  Given that 

phospholipids form entangled, worm-like micelles under the appropriate solution conditions, it is 

proposed that the electrospinning behavior of entangled, micellar phospholipid solutions will 

lead to novel phospholipid fibers. 

Lecithin, which is a natural mixture of phospholipids and neutral lipids, forms cylindrical or 

worm-like reverse micelles in nonaqueous solutions.391  As the concentration of lecithin is raised 

in solution the micellar morphology changes from spherical to cylindrical, and at higher 

concentrations the cylindrical micelles overlap and entangle similar to polymer chains in semi-

dilute or concentrated solutions.392  Schurtenberger et al. performed light scattering and small 

angle neutron scattering studies and observed a water induced, one dimensional micellar growth 

for lecithin in organic solution.393,394,395  Infrared studies performed by Shchipunov and 

                                                 
390 McKee M G, Elkins C L, Long T E. Influence of self complementary multiple hydrogen bonding on solution 
rheology/electrospinning relationships. Polymer 2004, 45, 8705-8715. 
 
391 Schurtenberger P, Scartazzini R, Magid L J, Leser M E, Luisi P L. Structural and dynamic properties of polymer-
like reverse micelles. J. Phys. Chem. 1990, 94, 3695-3701. 
 
392 Mezzasalma S A, Koper G J M, Shchipnov Y A. Lecithin organogel as a binary blend of monodisperse polymer 
like micelles. Langmuir 2000, 16, 10564-10565. 
 
393 Schurtenberger P, Magid L J, Penfold J, Heenan R. Shear aligned lecithin reverse micelles: a small-angle neutron 
scattering study of the anomalous water-induced micellar growth. Langmuir 1990, 6, 1800-1803. 
 
394 Schurtenberger P, Cavaco C. Polymer-like lecithin reverse micelles. 1. A light scattering study. Langmuir 1994, 
10, 100-108. 
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Shumilina demonstrated that water and other polar molecules served to bridge the phosphate 

head groups between neighboring phospholipids through hydrogen bonds.396  Similarly, 

rheological experiments revealed an increase in the zero shear viscosity (h0) and relaxation time 

for lecithin/alkane solutions upon increasing the concentration of water.396  As the concentration 

of water was raised above a critical value, phase separation occurred and h0 decreases.397   

Oscillatory rheological investigations were also performed to discern the frequency (w) 

dependence of lecithin solutions.  The entangled micellar solutions displayed linear viscoelastic 

behavior, which is typical of entangled polymer chains with loss modulus (G” ) and storage 

modulus (G’) proportional to w and w2 respectively in the low frequency terminal regime.398,399  

One significant difference between worm-like micelles and polymer chains is the former 

undergoes chain scission and thus does not possess a constant “chain length” or contour length 

(L).  The term chain scission was defined in the earlier literature as the reversible nature of he 

associated supramolecular structure for the characterization of solution dynamics.  Cates 

developed scaling relationships based on the theory of reptation, which incorporated the concept 

of reversible chain scission on a time scale (t b).
400  For the case of t b >> t rep, where t rep is the 

                                                                                                                                                             
395 Schurtenberger P, Jerke G, Cavaco C. Cross-section structure of cylindrical and polymer-like micelles from 
small-angle scattering data. 2. Experimental results. Langmuir 1998, 12, 2433-2440. 
 
396 Shchipunov Y A, Shumilina E V. Lecithin bridging by hydrogen bonds in the organogel. Mater. Sci Eng. 1995, 
C3, 43-50. 
 
397 Robertson D, Hellweg T, Tiersch B, Koetz J. Polymer-induced structural changes in lecithin/sodium dodecyl 
sulfate-based multilamellar vesicles. J. Coll. Inter. Sci. 2004, 270, 187-194. 
 
398 Shchipunov Y A, Mezzasalma S A, Koper G J M, Hoffmann H. Lecithin organogel with new rheological and 
scaling behavior. J. Phys. Chem. 2001, 105, 10484-10488. 
 
399 Shchipunov Y A, Hoffmann H. Growth, branching, and local ordering of lecithin polymer-like micelles. 
Langmuir 1998, 14, 6350-6360. 
 
400 Cates M E. Reptation of living polymers: Dynamics of entangled polymers in the presence of reversible chain-
scission reactions. Macromolecules 1987, 20, 2289-2296. 
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reptation time, the dynamics of pure reptation were recovered and the following scaling 

argument was derived, h0 ~ C 5.25, where C is the surfactant concentration.  This is a stronger 

concentration dependence than reptation predicts for neutral polymers in good and theta solvents, 

h0 ~ C 3.75 and h0 ~ C 4.8 respectively401, since in contrast to polymers, the length of the worm-

like micelles is dependent on concentration and temperature.  For the case of t b << t rep, the 

relatively fast chain scission of the worm-like micelles greatly influences the relaxation process, 

and a slightly weaker concentration dependence was predicted, h0 ~ C 3.5.  

In our current work, the morphology of lecithin micelles that were formed in nonaqueous 

solutions was probed using dynamic light scattering and solution rheology, and the concentration 

dependence of h0 was compared to scaling relationships.  Moreover, due to entanglements 

between the worm-like micelles, the electrospinning behavior of the lecithin solutions was 

evaluated.  Electrospun phospholipid membranes are novel candidates for biomedical 

applications due to their suppression of protein adsorption and platelet adhesion.  

Electrospinning phospholipid solutions will afford direct fabrication of bio-functional, high 

surface area membranes without the use of complicated electrospinning designs, or post 

processing surface treatments.   

 
8.3 Experimental 

8.3.1 Materials 

Lecithin (obtained from soybean) was purchased from Fluka, and used as received.  Lecithin 

was obtained as a mixture of phospholipids and neutral lipids, and the main component was 

                                                 
401Colby R H, Rubinstein M. Two-parameter scaling for polymers in q solvents. Macromolecules 1990;23:2758-
2757. 
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phosphatidycholine (25 %).  The lecithin contained less than 3 mol% water, and lecithin was 

stored at –25 °C under argon atmosphere.  Figure 8.1 shows the composition of lecithin where R 

and R’ are fatty acid residues with different degrees of saturation.   The fatty acid residues 

contain between 15 and 17 carbons.402  All other solvents and reagents were purchased from 

commercial sources and used without further purification. 

8.3.2 Instrumentation 

  Dynamic light scattering (DLS) studies were performed with an ALV-CGS3 goniometer 

(23 mW, 632.8 nm HeNe laser) at a 90º scattering angle and 25 ± 0.1 ºC.  Lecithin was dissolved 

in a cosolvent mixture 70/30 wt/wt chloroform/dimethyl formamide (CHCl3/DMF) at 

concentrations between 0.01 wt% and 5 wt%.  Steady shear experiments were performed with a 

VOR Bohlin strain-controlled solution rheometer at 25 ± 0.2 °C using a concentric cylinder 

geometry.  The bob and cup diameters employed for rheological measurements were 14 and 15.4 

mm, respectively. Electrospun fiber diameter and morphology were analyzed using a LeoÒ 1550 

field emission scanning electron microscope  (FESEM).  Fibers for FESEM analysis were 

collected on a 1/4” X 1/4” stainless steel mesh, mounted on a SEM disc, and sputter-coated with 

an 8 nm Pt/Au layer to reduce electron charging effects.  Fifty measurements on random fibers 

for each electrospinning condition were preformed and average fiber diameters are reported.   

8.3.3 Electrospinning Process  

Lecithin was dissolved in 70/30 wt/wt CHCl3/DMF at various polymer concentrations.  The 

solutions were then placed in a 20 mL syringe, which was mounted in a syringe pump (KD 

Scientific Inc, New Hope, PA).  The positive lead of a high voltage power supply (Spellman 

CZE1000R; Spellman High Voltage Electronics Corporation) was connected to the 18-gauge  

                                                 
402 Orthoefer F. Lecithin and health. 1998; Vital health publishing, Bloomingdale, IL. 



 
 

231 

 

 

N
O

P
O

O

O
O

O

R'O

R

O
-

+

H2N
O

P
O

O

OH
O

O

R'O

R

O

O
P

O

O

OH
O

O

R'O

R

O

HO

HO

OH

OH

HO

HO
P

O

O

O
O

O

R'O

R

O

-

H2N

O O

O
P

O

O

OH
O

O

R'O

R

O

-

phosphatidylcholine

phosphatidylethanol-amine

phosphatidylinositol

phosphatidic acid

phosphatidylserine

25 mol%

35 mol%

20 mol%

15 mol%

1.5 mol%

N
O

P
O

O

O
O

O

R'O

R

O
-

+

H2N
O

P
O

O

OH
O

O

R'O

R

O

O
P

O

O

OH
O

O

R'O

R

O

HO

HO

OH

OH

HO

HO
P

O

O

O
O

O

R'O

R

O

-

H2N

O O

O
P

O

O

OH
O

O

R'O

R

O

-

phosphatidylcholine

phosphatidylethanol-amine

phosphatidylinositol

phosphatidic acid

phosphatidylserine

25 mol%

35 mol%

20 mol%

15 mol%

1.5 mol%

 

Figure 8.1. Structure and composition of lecithin from soybean oil where R and R’ are fatty acid 

residues with different degrees of unsaturation 
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syringe needle via an alligator clip.  A grounded metal target (304-stainless steel mesh screen) 

was placed 10 cm from the needle tip.  The syringe pump delivered the polymer solution at a 

controlled flow rate of 6 mL/h, and the voltage was maintained at 15 kV.   

8.4 Results and Discussion 

Phospholipids are surfactants that form reverse spherical micelles in dilute nonpolar solutions 

with their polar head groups directed towards the hydrophilic core of the micelle.  These 

spherical micelles undergo a one-dimensional, cylindrical growth upon increasing the surfactant 

concentration. Figure 8.2 shows the typical micellar growth and entanglement of lecithin 

micelles.  At the critical micelle concentration (CMC) the lecithin amphiphiles rearrange to form 

spherical micelles, and after the micelles undergo cylindrical growth, entanglement couplings at 

the entanglement concentration (Ce) are formed.  Figure 8.3 shows the hydrodynamic radii (Rh) 

of lecithin in 70/30 CHCl3/DMF solutions as a function of concentration.  The average micelle 

size was approximately 9 nm with a CMC of approximately 0.1 wt%.  This value is in good 

agreement with Rh values of lecithin micelles in cyclohexene as earlier measured by Kanamaru 

and Einaga.403  Moreover, within the concentration range investigated, the spherical micelles did 

not grow in size.  Other researchers also observed an independence of spherical lecithin micelles 

size with concentration.404  DLS measurements were unreliable at higher concentrations where 

the spherical micelles formed cylindrical micelles due to overlap of the cylindrical micelles. 

The lecithin solutions were characterized using a strain controlled solution rheometer in the 

semi-dilute concentration regime.  Figure 8.4 shows the concentration dependence of the specific 

                                                 
403 Kanamaru M, Einaga Y. Polymer-like structure of lecithin reverse micelles in the lecithin+water+cyclohexene 
system. Polymer 2002, 3925-3936. 
 
404 Cirkel P A, Koper G J M. Characterization of lecithin cylindrical micelles in dilute solution. Langmuir 1998, 14, 
7095-7103. 
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viscosity (hsp) for the lecithin solutions.  The hsp is defined as:  hsp = (h0-hs)/hs, where hs is the 

solvent viscosity.  The entanglement concentration (Ce) was 35 wt%, which separated the semi-

dilute unentangled and the semi-dilute entangled regime.  In a similar fashion to polymer coils, 

the worm-like micelles formed entanglement couplings above Ce.  The slopes in the semi-dilute  
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Ce

 

 

Figure 8.2. Lecithin transition from amphiphilic molecules to entangled, worm-like micelles. 
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Figure 8.3.  Rh values of lecithin micelles in 70/30 CHCl3/DMF as a function of concentration.  

The critical micelle concentration was approximately 0.1 wt%, and the average spherical micelle 

was 9 nm. 
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Figure 8.4.  Concentration dependence of hsp for lecithin in 70/30 wt/wt CHCl3/DMF.  The 

entanglement concentration is 35 wt%. 
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unentangled and semi-dilute entangled regimes were 2.4 and 8.4 respectively, which were 

significantly larger than predicted for neutral polymers in a good solvent (hsp ~ C1.25 and 

hsp~C3.75 in the respective unentangled and entangled regimes).  Moreover, the concentration 

dependence of hsp was also greater than predictions from the reversible chain scission model (hsp 

~ C5.25) for the case of t b >> t rep.  Solution rheological studies of micellar solutions performed in 

other researcher laboratories also displayed exponents larger than 5.25.405  In particular, 

Cappelaere et al. observed a power-law exponent of approximately 12 for 

cetyltrimethylammonium bromide aqueous solutions.406  The unusually large concentration 

dependence suggests the presence of intermolecular associations between the worm-like 

micelles.407  Polymer chains that are modified with associating functional groups also display a 

very strong h0 dependence on concentration due to the increased probability of intermolecular 

associations compared to intramolecular associations with increasing concentration.408,409,410 

Our laboratories have previously described the onset of chain entanglements as a criterion for 

the formation of electrospun fibers.387  Polymer droplets were formed at C < Ce, and fibers with 

beaded structures or uniform fibers were formed at C > Ce.  Generally, it was observed that 

uniform fibers were formed at 2 to 2.5Ce due to stabilization of the electrified jet and suppression 
                                                 
405 Magid L J. The surfactant-polyelectrolyte analogy. J. Phys. Chem. B 1998, 102, 4064-4074. 
 
406 Cappelaere E, Cressely R, Decruppe J P. Linear and non-linear rheological behavior of salt-free aqueous CTAB 
solutions. Colloids and Surf. A: Physiochem. Eng. Aspects 1995, 104, 353-374. 
 
407 Rubinstein M, Semenov A N. Dynamics of entangled solutions of associating polymers. Macromolecules. 
2001;34:1058-1068. 
 
408 English R J, Gulati H S, Jenkins R D, Khan S A. Solution rheology of a hydrophobically modified alkali-soluble 
associative polymer. J. Rheol. 1997, 41, 427-444. 
 
409 Regalado E J, Selb J, Candau F. Viscoelastic behavior of semidilute solutions of multisticker polymer chains. 
Macromolecules 1999, 32, 8580-8588. 
 
410 McKee M G, Elkins C L, Park T, Long T E.  Influence of random branching on multiple hydrogen bonding in 
poly(alkyl methacryalte)s. Macromolecules 2005, 38, 6015-6023. 
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of the Raleigh instability from the entanglement couplings.  All lecithin solutions were 

electrospun at constant conditions, 15 kV, 6 mL/h syringe flowrate, and 10 cm working distance, 

from the semi-dilute unentangled and semi-dilute entangled regimes.  The solution rheological 

experiments and electrospinning trials were performed at the same conditions (room temperature, 

70/30 wt/wt CHCl3/DMF) to ensure constant hydrodynamic dimensions of the worm-like 

micelles in solution prior to experiencing the electric field.   Figure 8.5 shows FESEM images of 

electrospun fibers that were formed from various concentrations of lecithin in 70/30 wt/wt 

CHCl3/DMF.  At 33 wt% (C < Ce) droplets were formed due to the absence of entanglements in 

the supramolecular structure, which resulted in destabilization of the electrified jet (Figure 8.5a).  

As the concentration was raised to 35 wt% (Ce) droplets still dominated the morphology, 

although there was evidence for a low concentration of fibers between the droplets (Figure 8.5b).  

Figure 4c shows electrospun fibers with an average diameter of 2.8 mm were formed at 43 wt% 

(C > Ce).  Fibers were formed for C > Ce since the entanglements between the worm-like 

micelles stabilized the electrospinning jet, and prevented break-up of the jet.  It is important to 

note the transition from beaded fibers to fibers with elongated beads when comparing Figures 

8.5b and 8.5c; this phenomenon was also observed for several different polymer families.411,412  

Uniform, electrospun fibers with an average fiber diameter of 3.3 mm were formed when lecithin 

was electrospun at 45 wt% (Figure 8.5d).  Finally, the average fiber diameter increased from 4.2 

to 5.9 mm as the lecithin concentration was raised further from 47 to 50 wt% respectively 

(Figures 8.5e and 8.5f).  It should be noted that electrospun fiber formation would not be  

                                                 
411 Fong H, Reneker D H. Beaded nanofibers formed during electrospinning.  Polymer 1999, 40, 4585-4592. 
 
412 Lee K H, Kim H Y, Bang H Y, Jung Y H, Lee S G. The change of bead morphology on electrospun polystyrene 
fibers. Polymer 2003, 44, 4029-4034. 
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(a): 33 wt% (C<Ce) (b): 35 wt% (C=Ce)

(c): 43 wt% (C>Ce) (d): 45 wt% 

(e): 47 wt% (f): 50 wt% 

10 mm

(a): 33 wt% (C<Ce) (b): 35 wt% (C=Ce)

(c): 43 wt% (C>Ce) (d): 45 wt% 

(e): 47 wt% (f): 50 wt% 

10 mm10 mm

 

Figure 8.5. FESEM images of electrospun phospholipids (Ce = 35 wt%).  All images were 

collected at the same magnification 
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possible if the phospholipids did not form a supramolecular entangled network since individual 

phospholipids are low molar mass compounds that are incapable of forming entanglements. 

Based on the normalized polymer concentration (C/Ce), the average electrospun fiber 

diameter (D) was accurately predicted for various polymer families, molar mass, and chain 

topology according to the equation, D[mm] = 0.18(C/Ce)
2.7.  The empirical correlation under 

predicted the fiber diameter for poly(alkyl methacrylate)s with quadruple hydrogen bonding 

capabilities due to the strong concentration dependence of the solution viscosity.390  Also, the 

equation over predicted the electrospun fiber size for polyelectrolytes that possessed relatively 

large solution conductivities.413  Figure 8.6 compares the dependence of the phospholipid fiber 

diameter on normalized concentration to the electrospinning behavior of neutral, non-associating 

polymers (black line).  In addition, the fiber diameter dependence for poly(alkyl methacrylates) 

with pendant quadruple hydrogen bonding groups is included from reference [406].  Due to the 

associations that are formed between hydrogen bonding groups, the fiber diameter was 

significantly larger than predicted.  Based on an inspection of Figure 8.6, it is apparent that that 

the lecithin electrospinning behavior was similar to associating polymers, which is consistent 

with the presence of intermolecular associations between the lecithin micelles.  Figure 8.7 shows 

the dependence of the average fiber diameter on h0 for the micellar solution.  The 

electrospinning behavior was also compared to the previous correlations developed for neutral, 

non-associating polymers (black line).  Figure 8.7 indicates excellent agreement between the 

phospholipid fiber diameter and the neutral polymer fiber diameter at a given value of h0.  Thus, 

the large deviation from the fiber diameter – C/Ce relationship was due to the strong 

concentration dependence of h0 for the entangled lecithin micelles solutions.  This observation 

                                                 
413 McKee M G, Hunley M T, Layman J M, Long T E. Macromolecules 2005, submitted for publication. 
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was also similar to the electrospinning behavior of the associating polymers as discussed in our 

earlier reference [390]. 

 

8.5 Conclusions 

Electrospun phospholipid membranes are potential candidates for biomedical applications 

due to their suppression of protein adsorption and platelet adhesion.  Moreover, these 

phospholipid nonwoven fibrous mats afford direct fabrication of bio-functional, high surface area 

membranes without the use of multiple synthetic steps, complicated electrospinning designs, or 

post processing surface treatments.  Future work from our laboratories will investigate the 

performance of the biocompatible phospholipid membranes as scaffolds for tissue engineering, 

drug delivery, wound care, and suture materials.  In conclusion, the formation of micron-scale  

fibers from entangled amphiphilic molecules in an electrospinning environment is demonstrated 

as a general methodology for the formation of novel fibrous structures. 
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Figure 8.6. Dependence of the electrospun fiber diameter on C/Ce.  The triangles and squares 

correspond to fibers formed from poly(alkyl methacrylate) with quadruple hydrogen bonding 

groups from reference [390] and fibers from lecithin respectively.  The error bars represent the 

distribution of fiber sizes. 
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Figure 8.7. Dependence of the electrospun fiber diameter on h0.  The triangles and squares 

correspond to fibers formed from poly(alkyl methacrylate) with quadruple hydrogen bonding 

groups from reference [390] and fibers from lecithin respectively.  The error bars represent the 

distribution of fiber sizes. 
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Chapter 9. Electrospinning from the Melt:  Effects of Branching and 

Multiple Hydrogen Bonding 

 
9.1 Abstract 

The influence of random branching and intermolecular hydrogen bonding on the 

rheological behavior and melt electrospinning process was investigated.  A series of randomly 

branched poly(methyl methacryate-co-2-ethylhexyl methacrylate) (PMMA-co-PEHMA) were 

synthesized with control of branching agent and chain transfer agent ratio.  The average melt 

electrospun fiber diameter showed an exponential dependence on weight average molar mass 

(Mw) for the linear PMMA-co-PEHMA copolymers.  Furthermore, an increase in branching 

resulted in reduced fiber diameters at equal Mw.  This was attributed to fewer entanglement 

couplings and reduced viscosity of the branched coils compared to the linear coils.  

Unfortunately, sub-micron fibers were not produced with highly branched PMMA-co-PEHMA 

since self-standing fibers were not formed due to the significant reduction in the glass transition 

temperature (Tg).  

Linear and star-shaped poly(D,L-lactides) (PDLLA) with adenine (A) and thymine (T) 

functionalized endgroups were also electrospun from the melt phase.  The thermoreversibility of 

the A and T tailored polymers controlled the fiber size in the melt electrospinning process.  A 

blend of the A and T functionalized polymers were electrospun at temperatures above the 

hydrogen bond dissociation temperature, and as the electrospinning jet was cooled in ambient 

air, complementary hydrogen bonding between adenine and thymine groups controlled the final 

fiber diameter.   
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9.2 Introduction 

 Electrospinning has garnered significant attention since the process generates fibers on 

the order of 100 nm to 1 mm, which are orders of magnitude smaller than conventionally 

processed fibers.  The resulting nonwoven membranes composed of ultra-fine fibers are very 

attractive for applications where high specific surface areas are needed.  The vast majority of 

electrospinning studies have involved solvent based processing.  Common electrospinning 

solvents, such as N,N-dimethyl formamide (DMF), N,N-dimethyl acetamide (DMAc), 

tetrahydrofuran (THF), and chloroform (CHCl3) are not desirable due to health and 

environmental considerations.  Moreover, the productivity of solvent-based electrospinning is 

very low since >90 % of the solution is often solvent.  Thus, from a cost and health stand point it 

is advantageous to generate electrospun nonwoven fibers from the bulk phase.  Larrondo and 

Manley were the first to utilize melt electrostatic processing for the formation of poly(ethylene) 

and poly(propylene) fibers.414,415  The authors studied the influence of temperature, electric field 

strength, and the collector take-up speed on the average fiber diameter.  The fiber diameter 

decreased with increasing temperature, field strength, and take-up speed, however the smallest 

fibers were greater than 10 mm in diameter.  Thus, initial melt electrospinning studies revealed 

unlike solution electrospinning, there is no significant decrease in fiber size relative to 

commercial processing methods.   

Since then, other researchers have attempted to electrospin different polymers from the 

melt phase in an attempt to form fibers less than 1 mm in diameter.  In particular, Reneker et al. 

                                                 
414 Larrondo L, St. John Manley R. Electrostatic fiber spinning from polymer melts. I. Experimental observations on 
fiber formation and properties. J. Polym. Sci. Part B: Polym. Phys. 1981;19:909-920. 
 
415 Larrondo L, St. John Manley R. Electrostatic fiber spinning from polymer melts. II. Examination of the flow field 
in an electrically driven jet. J. Polym. Sci. Part B: Polym. Phys. 1981;19:921-932. 
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electrospun molten poly(propylene), poly(caprolactone), and poly(ethylene naphthalate) in a 

vacuum to increase the electric field strength and electrical forces in the polymer jet.416 Lyons et 

al. electrospun poly(ethylene terephthalate) into a controlled temperature environment in order to 

keep the polymer molten during its flight to the target thereby increasing the degree of draw in 

the jet. 417  However, these methods were not successful in producing uniform fibers less than 1 

mm in diameter.  Unlike electrospinning from solution, no bending instability or whipping 

motion was observed for the polymer melts due to the jet’s high melt viscosity and relatively 

short path length.  It is this lack of whipping instability, which prevents the formation of 

uniform, sub-micron electrospun fibers.  It was proposed that elevated temperatures and high 

electrical conductivities are necessary for the onset of bending instability in molten jets, and the 

formation of melt fibers less than 1 mm in diameter.416  However, these criteria must be balanced 

with the thermal stability and processibilty of polymer melts. 

Branched polymers possess a smaller hydrodynamic volume compared to a linear 

polymer of equal molar mass.418  If the branches are not highly entangled, the branched polymer 

displays a lower melt viscosity than a linear polymer of equivalent molar mass, and may be 

promising candidates for melt electrospinning of sub-micron fibers.  Previously, our laboratories 

synthesized highly branched polyesters and poly(urethane urea)s which were prepared using an 

A2 + B3 method, where the A2 species is oligomeric.419,420  If Mw > Mc for the A2 compound, 

                                                 
416 Reneker D H, Hou H, Rangkupar R, Lennhoff J D. Electrospinning polymer nanofibers in a vacuum. Am. Chem. 
Soc. Polym. Prepr. 2003;44:68-69. 
 
417 Lyon J, Pastore C, Ko F. Development in melt-electrospinning of thermoplastic polymers. Am Chem. Soc. 
Polym. Prepr. 2003;44:122-123. 
 
418 Roovers J, Graessley W W. Melt rheology of some model comb polystyrenes. 1981;14:766-773. 
 
419 Unal S, Yilgor I, Yilgor E, Sheth J P, Wilkes G L, Long T E. A new generation of highly branched polymers: 
Hyperbranched, segmented poly(urethane urea) elastomers. Macromolecules. 2004;37:7081-7084. 
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these highly branched polymers entangled and formed electrospun fibers from solution, while 

still possessing a lower h0 compared to a linear counterpart of lower molecular weight.421  This is 

attributed to the highly branched chain possessing a lower entanglement density compared to the 

linear chain.  In fact, Sheth et al. measured solution viscosities for highly branched segmented 

poly(urethane urea)s and observed significantly lower zero shear viscosities (h0) compared to a 

linear polymer of lower molar mass.422   

Combining the branched architecture with thermoreversible functional groups in tandem 

may result in the desired melt viscosity for production of sub-micron electrospun fibers.  

Thermoreversible polymers display processing advantages at temperatures above the dissociation 

temperature of the hydrogen-bonding group, while retaining high molar mass polymer properties 

at ambient conditions.  In particular, adenine and thymine functionalized star-shaped poly(D,L-

lactides) (PDLLA) are investigated.  Adenine and thymine are DNA base pairs that form strong 

hydrogen bond associations (Ka = 130 M-1) in a complementary fashion.423  It is proposed that 

melt and solution blending of adenine and thymine functionalized star-shaped polymers will 

result in supramolecular structures that will exhibit exceptional flow due a lower entanglement 

density in the dissociated branched state. 

                                                                                                                                                             
420 Unal S, Lin Q, Mourey T H, Long T E. Tailoring the degree of branching: Preparation of poly(ether ester)s via 
copolymerization of poly(ethylene glycol) oligomers (A2) and 1,3,5-benzenetricarbonyl trichloride (B3). 
Macromolecules. 2005;38:3246-3254. 
 
421 McKee M G, Park T, Unal S, Yilgor I, Long T E. Electrospinning of linear and highly branched segmented 
poly(urethane urea)s. Polymer. 2005;46:2011-2015. 
 
422 Sheth J P, Unal S, Yilgor E, Yilgor I, Beyer F I, Long T E, Wilkes G L. A comparative study of the structure-
property behavior of highly branched segmented poly(urethane urea) copolymers and their linear analogs. Polymer 
2005, in press. 
 
423 Kyogoku Y, Lord R C, Rich A. The effect of substituents on the hydrogen bonding of adenine and uracil 
derivatives. Proced. Nat. Acd. Sci. 1967;5:250-257. 
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Herein, the role of branching and complementary hydrogen bonding on melt viscosity 

and electrospun fiber formation is presented.  First, randomly branched poly(methyl 

methacrylate-co-2-ethylhexyl methacrylate) (PMMA-co-PEHMA) copolymers were synthesized 

and evaluated for melt electrospinning.  Then, linear and 4-arm star shaped telechelic PDLLA 

were electrospun to discern the interplay between chain architecture and thermoreversibility for 

potential production of sub-micron fibers. 

 

9.3 Experimental Section 

9.3.1 Materials 

All reagents were used without further purification.  Methyl methacrylate (MMA) and 2-

ethylhexyl methacrylate (EHMA) were purchased from Sigma Aldrich and passed through a 

neutral alumina column to remove radical inhibitors.  Ethylene glycol dimethacrylate (EGDMA), 

1-dodecanthiol (DDT), and 2,2’-azobisisobutyronitrile (AIBN) were purchased from Aldrich and 

used as received.  All other solvents and reagents were purchased from commercial sources and 

were used without further purification. 

9.3.2 Instrumentation 

  Molar masses were determined at 40 °C in tetrahydrofuran (HPLC grade) at 1 mL min-1 

using polystyrene standards on a Waters 717 Autosampler SEC system equipped with 3 in-line 

PLgel 5 mm MIXED-C columns, Waters 410 RI detector, Viscotek 270 dual detector, and an in-

line Wyatt Technology Corp. miniDAWN multiple angle laser light scattering (MALLS) 

detector.  1H NMR spectroscopy was performed on a Varian Unity 400 spectrometer at 400 MHz 

in CDCl3 or THF-d8.  Melt rheology was performed on a TA Instruments AR 1000 stress-

controlled rheometer.  A 25 mm parallel plate geometry was used for all samples, and strain 
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amplitudes were limited to the linear viscoelastic regime over a frequency range of 0.1 to 100 

Hz.  The temperature was varied from 60 to 170 °C for PMMA-co-PEHMA.  Time-temperature 

superposition (TTS) was performed on the linear and branched PMMA-co-PEHMA copolymers 

with a reference temperature of 170 °C.  Electrospun fiber diameter and morphology were 

analyzed using a LeoÒ 1550 field emission scanning electron microscope  (FESEM).  Fibers for 

FESEM analysis were collected on a 1/4” X 1/4” piece of aluminum foil, mounted onto an SEM 

disc, and sputter-coated with a 8 nm Pt/Au layer. 

 

9.3.3 Synthesis of linear and branched PMMA-co-PEHMA copolymers) 

For the synthesis of linear (0 wt% EGDMA) and randomly branched PMMA-co-

PEHMA, MMA (10 g, 100 mmol), EHMA (8.5g, 42.9 mmol), DDT ranging in concentration 

from 0 to 17 wt%, and EGDMA ranging in concentration from 0 to 15.0 wt% compared to MMA 

and EHMA were added to a 250 mL round-bottomed flask equipped with a magnetic stir bar.  

The monomers were diluted with ethyl acetate (100g, 80 wt%), and the initiator AIBN (0.1 to 1.2 

wt% compared to MMA plus EHMA) was added to the flask.   The round-bottomed flask was 

equipped with a water condenser, sparged with N2 for 10 minutes, and placed in a 70 °C oil bath.  

The polymerization was allowed to proceed for 24 h under continuous N2 flow.  The polymer 

was precipitated into methanol and dried under vacuum at 90 °C for 24 h 

9.3.4 Melt electrospinning process 

The dry polymer powder was placed in a glass pipette (1 mm inner diameter).  The 

pipette was wrapped in an electrically heated band, and grounded via an alligator clip connected 

to copper wire wrapped around the top of the pipette.  The positive lead of a high voltage power 

supply (Spellman CZE1000R; Spellman High Voltage Electronics Corporation) was connected 



 
 

249 

to a piece of aluminum field wrapped around the collector target.   A nitrogen purge was kept on 

the pipette during heating to reduce polymer degradation.  After exceeding a particular 

temperature, the polymer flowed from the pipette tip and was directed vertically down towards 

the collector, which was charged with 30 kV.  The working distance between the pipette and 

collector was approximately 10 cm. 

 

9.4 Results and Discussion 

9.4.1 Synthesis and characterization of linear and randomly branched PMMA-co-PEHMA 

Conventional free-radical polymerization methodologies were utilized to synthesize 

linear and branched analogs of PMMA-co-PEHMA random copolymers.  The composition of all 

linear and branched copolymers was 30 mol% EHMA to reduce the glass transition temperature 

(Tg), and help facilitate flow through the pipette.  A balanced stoichiometry of the branching 

agent (EGMDA) and chain transfer agent (DDT) were utilized to generate uncross-lined, highly 

branched copolymers.  Figure 9.1 shows the free-radical polymerization scheme for the highly 

branched copolymer. Sherrington et al previously utilized the same procedure for the synthesis 

of branched PMMA .424 Table 9.1 shows the ratio of EGDMA to DDT, the weight average molar 

mass, the molar mass distribution (Mw/Mn) , and the contraction factors  

                                                 
424 Isaure F, Cormack P A G, Sherrington D C. Synthesis of branched poly(methyl methacrylate)s: effect of the 
branching comonomer structure. Macromolecules 2004, 37, 2096-2105. 
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Figure 9.1 Synthesis of linear and randomly branched PMMA-co-PEHMA 
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Table 9.1. Molar mass and contraction factor data for linear and branched PMMA-co-PEHMA 

 

wt% 

EGDMA 
wt% DDT 

Mw 

(kg/mol)a 
Mw/Mn

a g’a 

0 0 148 1.80 0.99 

0 2 19.5 1.66 1.03 

0 5 10.9 1.20 1.03 

5 5 162 6.62 0.34 

7 8 26 2.84 0.62 

10 11.4 25.4 3.60 0.51 

15 17 28.0 3.40 0.36 

 

aSEC conditions:  THF, MALLS, viscosity detector, 40 °C 
The contraction factor (g’) measurement has an error of ± .05 based on multiple SEC runs 
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(g’) for the linear and randomly branched PMMA-co-PEHMA copolymers.  As mentioned 

previously, g’ is the ratio of the intrinsic viscosity [h] of a branched chain to the [h] of a linear 

chain of equal molar mass.  Consequently, g’ decreases as the degree of branching increases. As 

the level of EGDMA was raised from 7 to 15 wt%, and the relative amount of DDT was kept 

constant, g’ decreased from 0.63 to 0.36 (the last three rows in Table 9.1).  It is important to note 

that the Mw values remained equivalent since the ratio of branching agent to chain transfer agent 

remained constant.  To determine the role of branching on the melt rheology and electrospinning 

behavior, it is critical to deconvolute branching and Mw effects. 

Figure 9.2 shows the intrinsic viscosity [h] dependence of Mw for a linear and randomly 

branched PMMA-co-PEHMA in THF at 40 °C.  The linear copolymer had an Mw and g’ of 148 

kg/mol and 0.99 respectively, while the branched copolymer had an Mw and g’ of 162 kg/mol 

and 0.34 respectively. The slopes of the lines are the Mark-Houwink exponent, a, which is 

considered a shape factor as shown in Eq. (9.1).425   

[ ] a
wMK=h       (9.1) 

The linear copolymer displayed an exponent of 0.72, which is typical of a random, flexible 

polymer in a good solvent, while the branched copolymer displayed an exponent of 0.41.  

Branched polymers typically possess smaller Mark-Houwink exponents due to their relatively 

more compact chain conformation compared to linear polymers.  The procedure utilized by 

Lusignan et al. was employed to determine the average branch molar mass (Mb).
426  From Figure 

9.2, the average branched molar mass of the randomly branched PMMA-co-PEHMA copolymer 

was Mb = 10.5 kg/mol. 
                                                 
425 Wilkes G L. An overview of the basic rheological behavior of polymer fluids with an emphasis on polymer 
melts.J. Chem. Ed. 1981;58:880-892. 
 
426 Lusignan C P, Mourey T H, Wilson J C, Colby R H. Viscoelasticity of randomly  branched polymer in the 
vulcanization class. Phys. Rev. E. 1999;60:5657-5669. 
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Figure 9.2 Intrinsic viscosity [h] dependence of Mw for a linear and randomly branched PMMA-

co-PEHMA in THF at 40 °C.  The linear copolymer had an Mw and g’ of 148 kg/mol and 0.99 

respectively, while the branched copolymer had an Mw and g’ of 162 kg/mol and 0.34 

respectively. 
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9.4.2 Melt rheology of linear and randomly branched PMMA-co-PEHMA 

 Oscillatory shear experiments were performed in the linear viscoelastic regime between 

60 and 170 °C for the PMMA-co-PEHMA copolymers.  Time temperature superposition was 

employed for the linear and branched copolymers with a reference temperature of 170 °C.  This 

reference temperature was used since the copolymers were melt electrospun at 170 °C.  Figure 

9.3 shows the storage modulus (G’) master curve for a series of linear PMMA-co-PEHMA, 

where Mw was varied from 19.5 kg/mol to 276 kg/mol.  The terminal regime systematically 

shifted to lower frequencies with Mw as expected due to entanglement couplings increasing the 

longest relaxation time.  All the copolymers showed the limiting behavior, G’~ w2, where w is 

the frequency.  The entanglement molar mass (Me) was determined from Eq. (9.2), 

0
N

e
G

RT
M

r
=       (9.2)  

where GN
0 is the plateau modulus determined from Figure 9.3, r  is the polymer melt density, R is 

the gas constant, and T is the absolute temperature.  From Eq. (9.2) Me for the linear PMMA-co-

PEHMA with 30 mol% EHMA was 18.5 kg/mol.  Figure 9.4 compares the G’ master curves of a 

linear and randomly branched PMMA-co-PEHMA of nearly equal Mw.  The molar mass and 

branching information for the two copolymers is shown in Figure 9.2.  It is apparent that there is 

no distinct plateau for the branched copolymer because despite having an Mw of 162 kg/mol, the 

branched chain is only weakly entangled (Mb/Me < 1).  Since the branches are not entangled, the 

short branch segments can relax via short-range, rouse-like motions. 

 Figure 9.5 shows the dependence of h0 on Mw for the linear and randomly branched 

PMMA-co-PEHMA copolymers.  The critical entanglement molar mass (Mc) separates the  
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Figure 9.3 Storage modulus master curves for linear PMMA-co-PEHMA - influence of Mw on 

G’. 
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Figure 9.4 Comparison of storage modulus master curves between linear and randomly branched 

PMMA-co-PEHMA. 
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Figure 9.5 Dependence of h0 on Mw of linear and randomly branched PMMA-co-PEHMA 
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unentangled regime and the entangled regime.  Below Mc, h0 ~ Mw and the chains are not long 

enough to entangle with each other.  In this regime, the viscosity increase with Mw is due to 

friction generated from chain segments sliding by one another.  Above Mc, the chains are long 

enough to entangle and h0 ~ Mw
3.4 for linear polymers.  From Figure 9.5, Mc for the PMMA-co-

PEHMA linear copolymers is approximately 40 kg/mol.  Thus, for the PMMA-co-EHMA linear 

copolymers Mc = 2.2Me.  These values are in good agreement with other linear, flexible polymers 

since Mc is typically 2 to 3 times Me.
427  Moreover, the Mc for PMMA-co-PEHMA is 

intermediate of reported Mc values for PMMA homopolymer and PEHMA homopolymer.428 

 The h0 of the branched copolymers is compared to the linear copolymers of equal Mw in 

Figure 9.5.  All the branched PMMA-co-PEHMA displayed reduced h0 due to a lower 

entanglement density compared to the linear chains.  In particular, the h0 systematically 

decreased as g’ decreased from 0.62 to 0.36 for the three copolymers that possessed nearly equal 

Mw of approximately 25 kg/mol. 

9.4.3 Melt electrospinning linear and randomly branched PMMA-co-PEHMA 

 The poly(alkyl methacrylate)s were melt electrospun at 170 °C, 30 kV, and a 10 cm 

working distance.  Figure 9.6 shows the dependence of the average fiber diameter on Mw for the 

linear copolymers.  Unfortunately, even at the lowest molar mass the fiber diameters were 

greater than 10 mm. Lyons et al. performed melt electrospinning studies on a series of 

poly(propylene)s, and also observed an exponential relationship between average fiber diameter  

 

                                                 
427 Zang Y-H, Carreau P J. A correlation between critical end-to-end distance for entanglements and molecular chain 
diameter of polymers. J. Appl. Polym. Sci. 1991;42:1965-1968. 
 
428 Fetters L J, Lohse D J, Graessley W W. Chain dimensions and entanglement spacings in dense macromolecular 
systems. J. Polym. Sci. Part B: Polym. Phys. 1999;37:1023-1033. 
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Figure 9.6 The dependence of the average fiber diameter on Mw for linear PMMA-co-PEHMA 

melt electrospun fibers. 
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and Mw.429  Figure 9.7 shows FESEM images of melt electrospun fibers formed from randomly 

branched PMMA-co-PEHMA.  The Mw values for the series are listed in Table 9.1, and are all 

approximately 25 kg/mol.  The average fiber diameter decreased from 43 to 19 mm as the degree 

of branching increased (g’ decreased from 1.03 to 0.36 respectively).  The decrease in fiber 

diameter with branching was due to the reduction in h0 since the branches reduced entanglement 

couplings between chains.  Although the fiber diameter decreased significantly, relatively large 

fibers were still produced compared to solution electrospinning.  Melt electrospinning randomly 

branched PMMA-co-PEHMA copolymers with g’ values less than 0.36 was attempted; however 

self standing fibers were not formed due to the significant reduction in the glass transition 

temperature (Tg).  Thus, electrospinning the branched copolymers proved unsuccessful for the 

formation of sub-micron fibers from the melt phase. Next the melt electrospinning performance 

of linear and star-shaped poly(D,L-lactide) (PDLLA) with hydrogen bonding was evaluated.  

9.4.4 Melt electrospinning linear and star-shaped telechelic PDLLA with complementary 

hydrogen bonding 

Telechelic linear and 4-arm star PDLLAs were previously synthesized in our laboratories.  

The polymers were end functionalized with the DNA base pairs, adenine (A) or thymine (T).  

Figure 9.8 shows a cartoon depicting the complementary nature of the adenine and thymine 

association in a 4-arm star PDLLA.  Since adenine and thymine generally cannot self-associate, a 

50:50 blend of A and T functionalized PDLLAs were prepared from solution.  It is proposed that 

after dissociation of A and T between branched polymers in the melt phase, exceptional flow 

properties may be obtained due a lower entanglement density in the dissociated branched state.  

Melt electrospinning studies were performed on linear (Mw = 13  

                                                 
429 Lyons J, Li C, Ko F. Melt-electrospinning part I: processing parameters and geometric parameters. Polymer 
2004;45:597-603. 
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Figure 9.7. FESEM images of electrospun melt fibers formed from randomly branched PMMA-

co-PEHMA.  Mw for the copolymers were approximately 25 kg/mol wile the degree of 

branching varied.  As g’ decreased from 1.03 (linear) to 0.36 (highly branched), the average fiber 

diameter decreased from 43 to 19 mm. 
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Figure 9.8 Complementary hydrogen bonding between adenine and thymine DNA base pairs. 
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kg/mol, Mw/Mn = 1.20) and star-shaped (Mw = 45.6 kg/mol, Mw/Mn = 1.37) PDLLA to determine 

the influence of branched architecture and supramolecular structures on the fiber formation.  The 

linear backbone and star arm possessed the same number of entanglements in the melt based on a 

Me value of 10 kg/mol430 (Mw/Me = 1.3 and Ma/Me = 1.2 for linear and star-shaped respectively).  

Figure 9.9 shows FESEM images of electrospun fibers produced from (a) adenine functionalized 

star PDLLA, (b) thymine functionalized star PDLLA, (c) 50:50 blend of the adenine and thymine 

functionalized star polymers, and (d) an unfunctionalized star PDLLA.  The electrospinning 

conditions were 180 °C, 30 kV, 6 cm working distance.   It was important to raise the 

temperature above the A-T dissociation temperature to facilitate melt flow from the pipette.  

Above the dissociation temperature, the polymer melt flowed from the pipette and formed a 

Taylor cone, from which the jet initiated.  As the jet traveled towards the counter-electrode 

through ambient air it was cooled, and it was proposed that A and T groups will associate with 

one another. 

Since A and T cannot hydrogen bond in a self-complementary fashion there was no hydrogen 

bond associations in the electrospinning jet which formed the fibers shown in Figures 9.9a and 

9.9b.  Moreover, the average fiber diameters from the A and T functionalized star polymers were 

essentially identical (approximately 4.0 and 4.4 mm respectively) since the polymers did not 

associate and had equivalent Mw values.  The average fiber diameter of the 50:50 A:T blend 

shown in Figure 9.9c was significantly larger (9.8 mm) due to formation of intermolecular 

associations in the electrospinning jet between the adenine and thymine groups.  Consequently, 

the thermoreversibility of the A and T tailored polymers controlled the fiber size in the melt 

electrospinning process.  Figure 9.9d shows the average fiber diameter of the unfunctionalized  
                                                 
430 Fetters L J, Lohse D J, Graessley W W. Chain dimensions and entanglement spacings in dense macromolecular 
systems. J. Polym. Sci. Part B: Polym. Phys. 1999;37:1023-1033. 
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Figure 9.9.  FESEM images of electrospun fiber produced from star-shaped PDLLA (Mw = 45.6 

kg/mol, Mw/Mn = 1.37).  (a) Adenine functionalized star-shaped PDLLA, (b) thymine 

functionalized star-shaped PDLLA, (c) 50:50 blend of adenine and star shaped polymers, and (d) 

unfunctionalized PDLLA. 
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star was 3.6 mm, which was slightly smaller than fibers formed form the A and T functionalized 

polymers.  This suggests there may be some self-complementary hydrogen bonding between A- 

A and T-T groups.  Future work will attempt to melt electrospin oligomers functionalized with A 

and T groups to ascertain the feasibility of sub-micron fibers production.  

Finally, Figure 9.10 shows FESEM images of electrospun fibers produced from a 50:50 

blend of A and T end-functionalized linear PDLLA (Mw = 13 kg/mol, Mw/Mn = 1.20).  The 

average fiber diameter was 2.1 ± 0.3 mm, which is significantly smaller than the 50:50 blend of 

functionalized star polymers in Figure 9.9c.  This was attributed to the larger weight average 

molar mass of the star-shaped compared to the linear PDLLA.  

 

9.5 Conclusions 

The influence of branching and intermolecular hydrogen bonding on the rheological 

behavior and melt electrospinning process was investigated.  A series of randomly branched 

PMMA-co-PEHMA was synthesized with various degrees of branching by controlling the ratio 

of EGDMA and chain transfer agent, DDT.  Linear viscoelastic measurements displayed that the 

branched copolymers were weakly entangled since there was no distinct plateau region.  

Moreover, the h0 values for the branched PMMA-co-PEHMA were significantly smaller than the 

linear copolymers of equal Mw due a lower entanglement density of the branched coils.  Melt 

electrospinning experiments revealed that the average fiber diameter displayed an exponential 

dependence on Mw for linear PMMA-co-PEHMA.  Moreover, the fiber diameter decreased with 

increasing degree of branching due to the reduced viscosity of the branched polymers.  However, 

when branched polymers with g’ values less than 0.36 were melt electrospun, self-standing fibers  
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Figure 9.10  FESEM image of linear melt electrospun fibers produced from a 50:50 blend of A 

and T functionalized linear PDLLA.  The average fiber diameter is 2.1 ± 0.3 mm. 
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were not formed due to the significant reduction in the glass transition temperature.  

Consequently, electrospinning the branched copolymers proved unsuccessful for the formation 

of sub-micron fibers from the melt phase. 

 Linear and star-shaped PDLLA with adenine and thymine functionalized endgroups were 

also electrospun from the melt phase.  The thermoreversibility of the A and T tailored polymers 

controlled the fiber size in the melt electrospinning process.  Intermolecular, complementary 

hydrogen bonding between adenine and thymine was observed in the molten electrospinning jet 

since a 50:50 blend of A and T functionalized PDLLAs displayed significantly larger fibers 

compared to the single component polymers.  It should be noted that ester interchange of 

PDLLA might occur at these electrospinning conditions.  Thus, future work should focus on 

performing isothermal melt rheology measurements at 180 °C, and SEC measurements of the as-

spun fibers to determine if the molar mass changed during processing.   
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Chapter 10. Overall Conclusions 
 

 Electrospinning has emerged as a specialized processing technique for the formation of 

sub-micron fibers (typically between 100 nm and 1 mm in diameter), with high specific surface 

areas.  Due to their high specific surface area, high porosity, and small pore size, the unique 

fibers have been suggested for wide range of applications.   The research objectives primarily 

involved the influence of branching and intermolecular interactions on the solution rheological 

behavior and formation of electrospun fibers from either the solution or the melt.  The types of 

interactive functionality that were investigated included multiple hydrogen bonding and 

electrostatic interactions.  Since forming fibers from branched and functional polymers enables 

one to tailor the performance of the sub-micron fibers, it is critical to understand the fundamental 

relationships between the polymer composition and topology with respect to their 

electrospinning behavior.  The major findings from the present work are listed below. 

 

(1) For neutral polymer solutions, chain entanglements control the ability to form electrospun 

fibers.  In particular, the minimum concentration for fiber formation is Ce, while uniform, 

bead-free fibers were formed at 2 to 2.5 Ce.  Shenoy et al. later developed empirical 

correlations, which were in excellent agreement with these results.431 

(2) Branched polymers were readily electrospun at C > Ce.  Moreover, the effects of polymer 

chain length and architecture on the electrospun fiber morphology and fiber diameter 

were removed when the concentration was normalized by Ce.  Thus, the average fiber 
                                                 
431 Shenoy S L, Bates W D, Frisch H L, Wnek G E. Role of chain entanglements on fiber formation during 
electrospinning of polymer solutions: good solvent, non-specific polymer-polymer interaction limit. Polymer 
2005;46:3372-3384. 
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diameter was accurately predicted for linear and branched neutral polymer solutions 

based solely on the entanglement density (C/Ce). 

(3) In nonpolar solvents, polymers with hydrogen bonding capabilities displayed deviations 

from the predicted electrospinning behavior for neutral polymer solutions due to 

associations between the multiple hydrogen bonding groups.  Moreover, when 

intermolecular hydrogen bonding was screened with polar solvents, the predicted 

electrospinning behavior was recovered. 

(4) Branched polymers with multiple hydrogen bonding sites afford significant processing 

advantages compared to functionalized, linear analogs of equal molar mass.  Branched 

chains in the unassociated state possessed a larger Ce compared to the linear chains, 

which indicated fewer entanglements couplings between the branched chains.  However, 

in the associated state the linear and branched chains had nearly equivalent values for Ce, 

suggesting a similar degree of entanglements.  Thus, branched polymers would be 

significantly easier to process in the unassociated state compared to linear polymers, 

while still retaining sufficient entanglements in the associated state due to the reversible 

network structure of the multiple hydrogen bond sites. 

(5) Polyelectrolyte solutions formed nano-scale electrospun fibers with an average fiber 

diameter 2 to 3 orders of magnitude smaller than neutral polymer solutions of equivalent 

h0 and entanglement density.  This was attributed to the very high electrical conductivity 

of the polyelectrolyte solutions, which imparted a high degree of charge repulsion in the 

electrospinning jet and increased the extent of plastic stretching in the polymer filament.  

The average fiber diameter of the polyelectrolyte fibers was less than 100 nm, which 

makes them attractive candidates for protective clothing applications due to their high 
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specific surface area. Moreover, salt addition screened the electrostatic charge repulsions 

along the polyelectrolyte backbone, and resulted in neutral polymer solution 

electrospinning behavior. 

(6) Electrospun phospholipid membranes were produced from solutions of entangled worm-

like phospholipid micelles.  This is the first example of successfully electrospinning low 

molar mass compounds into uniform fibers.  Electrospinning the phospholipid worm-like 

micelles into nonwoven fibrous mats affords direct engineering of bio-functional, high 

surface area membranes without the use of multiple synthetic steps, complicated 

electrospinning setups, or post processing surface treatments. 

(7) Linear and branched polymers with thermoreversible functionality were successfully 

electrospun from the melt phase at temperatures above the hydrogen bond dissociation 

temperature.  Preliminary results suggested that during electrospinning the hydrogen 

bond groups associate in the electrified jet as the jet is cooled in ambient air.  

Unfortunately, all fibers produced from the melt phase were greater than 1 mm in 

diameter, however it should be noted that the reported fiber diameters (<5 mm) were half 

the size of the smallest melt electrospun fibers reported in the literature.  
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Chapter 11. Suggested Future Work 
 

11.1 Formation of porous, ultra-high specific surface area polyelectrolyte 

fibers 

 Electrospinning solutions of PDMAEMA· HCl and NaCl results in the formation of sub-

micron fibers with salt crystal at the surface and in the bulk of the fibers.  Highly porous 

nanofibers are obtainable if the NaCl crystals are selectively extracted from the bulk fibers.  

Since the polyelectrolyte fibers and NaCl are both water soluble it is necessary to inhibit the 

dissolution of PDMAEMA· HCl in water.  Thus, future work will focus on the copolymerization 

the monomer, DMAEMA· HCl, with small levels of 2-hydroxyethyl methacrylate (HEA).  The 

subsequent functionalization of HEA with cinnamoyl chloride yields a polyelectrolyte with 

pendant photo-curable groups.432  Post-electrospinning UV irradiation of the functionalized 

copolymer nonwoven mats results in the formation of cross-linked, water-insoluble 

polyelectrolyte fibers, upon which NaCl is easily extracted.  The resulting porous, nano-scale 

fibers would be excellent candidates for antimicrobial applications. 

11.2 Test the antimicrobial performance of polyelectrolyte nanofibers 

 The antimicrobial efficiency of cross-linked PDMAEMA · HCl fibers should be 

investigated.  Comparing the antimicrobial behavior between cationic polyelectrolyte films and 

nanofibers will reveal the advantages of high specific surface area fibers for protective clothing 

applications. 

 

                                                 
432 Gupta P, Trenor S R, Long T E, Wilkes G L. In situ photo cross-linking of cinnamate functionalized poly(methyl 
methacryate-co-2-hydroxyethyl acrylate) fibers during electrospinning. Macromolecules 2004;37:9211-9218. 
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11.3 Formation of nonwoven phospholipid membranes from electrospinning 

Our current research utilizes mixtures of phospholipids and uncharged lipids to generate 

fibrous scaffolds, however future efforts will focus on electrospinning micellar solutions of well-

defined phospholipids.  In particular, the effect of the phospholipid structure, such as the ionic 

strength of the head group or length of the hydrocarbon tail, on the worm-like micellar growth 

and subsequent electrospinning behavior will be explored.  Nonwoven membranes formed from 

pure phospholipids and mixtures of phospholipid should be characterized with energy dispersive 

spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) to determine the effect of 

phospholipid structure on potential bilayer formation at the electrospun fiber surface. 

Preliminary results from our laboratories displayed that uniform electrospun fibers were 

produced when electrospinning phospholipids from the melt at 200 °C.  Future work should 

focus on performing thermal gravimetric analysis, 1H NMR, and transient rheological 

measurements to characterize the thermal stability of the phospholipids.   

Our laboratories have also recently synthesized phospholipids with photo-curable 

functional head groups.  Electrospinning phospholipids polymerized through the head groups 

may yield fibers with improved mechanical integrity compared to the fibers produced from 

discrete phospholipids.  Finally, it is important to investigate the performance of the 

biocompatible phospholipid membranes as scaffolds for tissue engineering, wound care, and 

suture materials. 

11.4 Influence of thermoreversible polymers on electrospun fiber formation 

from the melt phase 

 Preliminary results indicate that adenine and thymine functionalized polymers display 

thermoreversibility during melt electrospinning.  Electrospinning from temperatures above the 
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adenine-thymine dissociation temperature was utilized to facilitate melt flow from the pipette.  

Above the dissociation temperature, the polymer melt flows from the pipette and forms a Taylor 

cone, from which a jet is initiated.  As the jet traveled towards the counter-electrode through 

ambient air, it was proposed that hydrogen bonding groups associated with one another.  Future 

efforts should focus on the formation of melt electrospun fibers from adenine and thymine 

telechelic oligomers with M < Me.  The thermoreversible associations between the hydrogen 

bonding units should become evident since the unfunctionalized oligomers would only form 

droplets due to insufficient chain entanglements. 

11.5 Electrospin polymers with interactive functionalities in a side-by-side 

setup  

 Gupta and Wilkes designed an electrospinning apparatus that was capable of 

electrospinning polymer solutions in a side-by-side configuration.433  The resulting sub-micron 

fibers contained areas that were rich in the two polymer components.  It would be interesting to 

extend this idea to functional polymers that form intermolecular interactions.  For example, 

bicomponent electrospinning of cationic and anionic polymer solutions may result in a bilayer 

fiber morphology of cationic and anionic domains due to the attractive forces between the 

oppositely charged polyelectrolytes.  If this concept was extended to multiple solutions of 

alternating oppositely charged fluids, there is the possibility of forming multi-layered submicron 

fibers composed of positively and negatively charged layers.  It would also be interesting to 

explore the molecular recognition between adenine and thymine functionalized polymers.  

Electrospinning an adenine and a thymine functionalized polymer from separate reservoirs may 

result in the formation of unique fiber morphologies.  The resulting fibers may contain discrete 

                                                 
433 Gupta P, Wilkes G L. Some investigations on the fiber formation by utilizing a side-by-side bicomponent 
electrospinning approach. Polymer 2003;44:6353-6359. 
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domains glued together at the molecular level.  Moreover, if thermally stable polymer were 

selected, the concept is easily adaptable to melt electrospinning.   

11.6 Investigate morphological behavior of hydrogen bonding containing 

copolymers 

 As shown in Chapter 6, rheological measurements exhibited that the UPy functionalized 

poly(alkyl methacrylate)s produced reversible network structures in the melt phase.  Micro-phase 

separation of the PMMA-co-UPyMA random copolymers should be investigated via atomic 

force microscopy (AFM) and small-angle x-ray scattering (SAXS) techniques.  It would also be 

useful to compare the micro-phase separated morphology of the poly(alkyl methacrylate) 

copolymers that possess a random distribution of pendant UPy groups to linear and star-shaped 

telechelic poly(isoprene)s previously synthesized in our laboratories.434  Thus, it is possible to 

discern the effect of UPy group placement on the long-range order and periodicity of the hard 

domains.  Moreover, it would be interesting to characterize the composition of UPy groups 

across the molar mass distribution for the random poly(alkyl methacrylate) copolymers.  Since 

association between UPy groups absorb UV light, the composition of UPy groups across the 

molar mass distribution could be determined by adding a UV detector in-line with the other SEC 

detectors. 

11.7 Characterize the orientation of hydrogen bonding groups in the presence 

of an electric field 

 The influence of electric field on orientation of the UPy functionalized copolymers 

should be investigated for potential sensing applications.  Kishikawa et al. synthesized novel 

                                                 
434 Elkins C L. PhD Dissertation, Department of Chemistry, Virginia Tech. 2005. 
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liquid crystals, which displayed rectangular and hexagonal columnar phases due to directional 

urea hydrogen bonding.435  Before applying a voltage to the liquid crystalline ureas, the 

compounds were arranged in columns with each column was arranged in opposite directions.  

Upon applying voltage, all the columns were organized in the same direction.  The authors 

showed the polar switching was reversible, because after removing the voltage, the urea 

compounds changed back to their thermally stable conformation. 

                                                 
435 Kishikawa K, Nakahara S, Nishikawa Y, Kohmoto S, Yamamoto M. A ferroelectrically switchable columnar 
liquid crystal phase with achiral molecules: Superstructures and properties of liquid crystalline ureas. J. Am. Chem. 
Soc. 2005;127:2565-2571. 


