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Abstract:

The implications of chain topology and intermolecular interactionthe electrospinning
process were investigated for linear and randomly branched polyr&enpirical correlations
were developed based on solution rheological measurements tiat tive onset of electrospun
fiber formation and average fiber diameter. In particular, for aeuton-associating polymer
solutions, the minimum concentration required for fiber formation wes e@ntanglement
concentration@.), and uniform, bead-free fibers were formed at 2 ta2.5This was attributed
to entanglement couplings stabilizing the electrospinning jet predenting the Raleigh
instability. Moreover, the influence of molar mass and degree nthirag on electrospun fiber
diameter was eliminated when the polymer concentration was npeahalithC,, and the fiber
diameter universally scaled wi@IC, to the 2.7 power.

Polymers modified with quadruple hydrogen bonding groups were investiga
determine the role of intermolecular interactions on the solutioolaieal behavior and the
electrospinning process. In nonpolar solvents, the hydrogen bonding funzgdnpblymers
displayed significant deviation from the electrospinning behavionéaitral solutions due to the
strong intermolecular associations of the multiple hydrogen bondimgpgr The predicted
electrospinning behavior was recovered when the hydrogen bonding iotesagere screened
with a polar solvent. Moreover, it was observed that branching arngladlydrogen bonding
afforded significant processing advantages compared to functiahalizear analogs of equal
molar mass. For example, branched chains in the unassociateghadstssed a larg€l,

compared to the linear chains, which indicated a lower entangledessity of the former.



However, in the associated state the linear and branched chainsspdssearly equivalefi,
values, suggesting a similar entanglement density. Thus, the bidapohgmers displayed
significantly lower viscosities in the unassociated state coedp@ linear polymers, while still
retaining sufficient entanglements in the associated statéodhe reversible network structure
of the multiple hydrogen bond sites.

The solution rheological and processing behavior of polyelectrobjtgiens was also
investigated to discern the role of electrostatic interactiomeglectrospun fiber formation. In
particular, the polyelectrolyte solutions formed nano-scale elgmin fibers with an average
fiber diameter 2 to 3 orders of magnitude smaller than neutral polgoiutions of equivalent
viscosity andC/C.. This was attributed to the very high electrical conductivity thod
polyelectrolyte solutions, which imparted a high degree of chargrilsien in the
electrospinning jet and increased the extent of plastic Istngten the polymer filament. In fact,
the average diameter of the polyelectrolyte fibers under cexaititions was less than 100 nm,
which makes them good candidates for protective clothing applicatiorts tluer high specific
surface area. Moreover, the neutral polymer solution electrospinnimayibe was recovered
after the addition of NaCl, which screened the electrostaticgehagpulsions along the
polyelectrolyte main chain. Finally, electrospun, biocompatible phogpthahembranes were
produced from solutions of entangled worm-like lecithin micellekis Ts the first example of
successfully electrospinning low molar mass, amphiphilic compoundsumform fibers.
Electrospinning the phospholipid worm-like micelles into nonwoven fibrous nvdt afford
direct engineering of bio-functional, high surface area membnaithsut the use of multiple

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

1.1 Scientific Rationale and Perspective

Electrostatic fiber spinning or electrospinning occurs when a polgwlation or melt,
which possess sufficient molecular entanglements, emits gethfluid jet in the presence of an
electric field. This technique is similar to traditional melt spinning or selgpinning, however
electrostatic repulsions are utilized to stretch a viscoelflatd instead of pressure driven flow
through an extruder. Electrospinning has generated significant attsiriz® this processing
technique forms fibers on the order ofnin down to 100 nm in diameter, 2 to 3 orders of
magnitude smaller than conventionally spun fidérsDue to their high specific surface area,
high porosity, and small pore size, the unique fibers have been suggestpdlications such as
drug delivery, filtration devices, membranes, vascular graftsegeé clothing, optical sensors,
and tissue scaffolds’>® The effects of processing variables (applied voltage, tip gettar
distance, feed rate of the solution to the capillary tip) and solptigperties (solvent, viscosity,

concentration, conductivity, surface tension) on controlling the fibephodogy and diameter

! Reneker D H, Chun I. Nanometre diameter fibersabymer, produced by electrospinning. Nanotechnology
1996;7:216-223.

2 Deitzel J M, Kleinmeyer D, Harris D, Beck Tan NThe effect of processing variables on the morpipptof
electrospun nanofibers and textiles. Polymer. 2A0261-272.

3 Grafe T, Graham K. Polymeric nanofibers and ndes§ webs: a new class of nonwovens. Nonwoven
Technology Review2003;51-55.

* Kenawy E-R, Layman J M, Watkins J R, Bowlin, GMatthews J A, Simpson D G, Wnek G Hectrospinning
of poly(ethylene-co-vinyl alcohol) fibers. Biomaitds. 2003;24:907-913.

® Matthews J A, Wnek G W, Simpson D G, Bowlin G lle@rospinning of collagen nanofibers.
Biomacromolecules. 2002;3:232-238.

® Wang X, Drew C, Lee S-H, Senecal K J, Kumar J, @son L A. Electrospun nanofibers membranes fghlii
sensitive optical sensors. Nano Letters. 2002; 3127775.
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have been extensively investigated for a variety of polymeritemys'® However, little
research attention has focused on the influence of molecglaitemture and functional groups
on the electrospinning performance. Forming sub-micron size filkmrs branched polymers
with functional groups is imperative for tailoring the functionatityd utility of the non-woven
fiber membranes.

Fibers electrospun from a branched polymer exhibit advantages ovsrfobmed from
linear analogs. Branching allows (1) control of chain end concemrdgor tailored
functionalization, (2) controlled degradation for specific drugveeyi profiles, (3) reduced
viscosity for potential melt processing of nanofibers. Consequ@mté of the primary research
objectives is to understand the influence of branching on electrospmfditmation and the
rheological/electrospinning relationships of linear and branched chains.

Branched polymers are characterized by the presence ohljpaimts or the presence of
more than two end groups and comprise a class of polymers betwean fiolymers and
polymer networks. Although undesirable branching can occur in many polymerization
reactions, controlled branching is readily achieved. The introductioranthing dramatically
influences the melt, solution, and solid-state properties of polynubrike short chain branches

(SCB), long chain branches (LCB) significantly alter polymewfproperties since the branch

" Megelski S, Stephens J S, Chase D B, RabolMidfo and nanostructured surface morphology ontedepun
polymer fibers. Macromolecules. 2002;35:8456-8467.

8Lee KH, KimHY, LaY M, Lee D R, Sung N H. Inimce of mixing solvent with tetrahydrofuran and N,N
dimethylformamide on electrospun poly(vinyl chl@)dnonwoven mats. J. Polym. Sci. Part B: Polym.sPhy
2002;40:2259-2268.

° Roovers J. In. Encyclopedia of polymer sciencetantnology; Kroschwithz J I.; Ed.; Wiley: New Yorko85:2
p. 478-479.



length is sufficiently long to form entanglement couplifiysin general, LCB are utilized to
control rheological and processing properties, while SCB influgheemal behavior and
mechanical properti€s:*?> The strong influence of only one long chain branch per chain can be
visualized by looking at Figure 1. The “slip-links” along the patynibackbone represent
entanglements with other chains. The linear polymer (Figures Xege to diffuse along a tube
imposed by other chains, while it is obvious from Figure 1b thateghiation of the long-chain
star-branched polymer is restricted, and must diffuse through sthee mechanism. In
particular, the star arms must relax stress by counmethdluctuations, where an arm retracts
some distance down its tube before reemerging into the entangled ketWhus, it is not
surprising that long-chain branched polymers exhibit very diffepgoperties where chain
entanglements play a role.

Another main research objective is to understand the influence of @oligmctional
groups on electrospinning behavior, as this is necessary for taikhengerformance of sub-
micron fibers. For example, electrospinning copolymers that contaltiple hydrogen bonding
groups can form sub-micron fibers with molecular recognition chpedi Specifically, the
effect of quadruple hydrogen bonding on the solution rheology behavior ecttospinning
performance will be investigated. Polyelectrolytes arecarsd class of functional polymers that
display unique electrospinning behavior, and may form sub-micron fibers with pdyentique

applications. In particular, quaternary ammonium compounds, which ar@rszhtin many

19 Graessly W W. Viscoelasticity and flow in polynreelts and concentrated solutions. Physical Pragsedi
Polymers. 1984 p.97-153.

1 Shroff R N, Mavridis H. Long-chain branching indfex essentially linear polyethylenes. Macromolesul
1999;32:8454-8464.

12 pitsikalis M. Pispas S, Mays J W, HadjichristiNisEffect of block copolymer architecture. Adv. pol. Sci.
1998;135:1.



cationic polyelectrolytes, display anti-bacterial properties. Thugh surface area,
polyelectrolyte non-woven mats are excellent candidates a&ssfilhigainst chemical and

biological agents.
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Chapter 2. Review of the Literature
2.1 Electrospinning Process

The current section serves to review recent advances in tleofielectrospinning. In
particular, the electrospinning process and setup is described indstaie as well as recent
efforts to control fiber morphology and fiber size using process blaga Moreover, some
applications of sub-micron electrospun fibers are reviewed, and fina#lgarch efforts focused
on forming electrospun fibers from the melt phase is discussed. ¥é¢ul®n 2.1 is somewhat
brief in reviewing the electrospinning literature, a more tidareview in section 2.2 will
summarize effects of branching on polymer properties. Severantrereviews have

comprehensively summarized significant advances in the electrospinnirg 4r&a

2.1.1 Electrospinning setup

While the first reference to the electrospinning process datels to 193%° a great
resurgence of research has occurred in the last decanmibggwith the work of Renekest
al 1,17,18

The electrospinning process is an extension of the eleaymsgrprocess, which

occurs when a charged droplet of low molecular weight fluidiigested to an electric fiefd.

131i D, Xia Y. Electrospinning of nanofibers: Regmting the wheel? Adv. Mat. 2004;16:1151-1170.
14 Gupta P. PhD Dissertation, Department of Chenticajineering, Virginia Tech. 2004.

15 Subbiah T, Bhat G S, Tock R W, Parameswaran BikRmar S S. Electrospinning of nanofibers. J. Appl.
Polym. Sci. 2005;96:557-569.

18 Formhals A. US Patent 1,975,504, 1934.

" Fong H, Reneker D H. Elastomeric nanofibers afestg-butadiene-styrene triblock copolymer. Polymer
1999;37:3488-3493.

18 Chun I. PhD Dissertation, University of Akron 1995

9 Bailey A G, Electrostatic Spraying of Liquids, \&i, New York 1988.
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When the electrostatic charge on the droplet balances the siafi@gan, the free surface of the
droplet distorts into a cone with a semi-vertical angle of’4®8med a Taylor corf8. As the
electrostatic charge on the droplet overcomes the surface tethg&idow molecular weight fluid
breaks up into small droplets. Electrospinning is an extension efdbeospray process, which
occurs when a charged solution or melt of a high molecular weightnpolis subjected to an
electric field. Due to the presence of chain entanglements rhtrged fluid, the fluid does not
break up into droplets, but forms a stable jet when the electrostptitsive forces on the fluid
surface overcome the surface tension.

A schematic of the electrospinning process is shown in FigureA2ghlymer solution is
placed in a 20 mL syringe, which is mounted in a syringe pump, andatipesitive lead of a
direct current (DC) high voltage power supply is connected to an 18-gaedé of the syringe
via an alligator clip. It should be noted that the use of altexgatirrent (AC) has been utilized
as well?* A grounded or negatively charged, metal target is then placeddistaece from the
tip of the syringe needle. Typical voltages utilized for tetspinning are 5 to 30 kV, typical
flowrates are less than 10 ml/h, and typical syringe to tatiggdnces are 5 to 20 cm. As
mentioned previously, as the electrostatic charge of the droplet owesdbm surface tension, a
jet is emitted from the syringe needle towards the groundsmtretle. The jet undergoes a
whipping instability and solvent evaporation occurs until the jet esaeh grounded target,

thereby completing the circtft.

D Taylor G. Disinigration of water drops in an eticfield. Proceedings of Royal Society 1964;A 288B-397.

% Kessick R, Fenn J, Tepper G. The use of AC patkith electrospraying and electrospinning procé&sslymer
2004;45:2981-2984.

2 varin A L, Koombhongse S, Reneker D H. Bendingdhdity in electrospinning nanofibers. J. Appl.yBh
2001,;89:3018-3026.
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Researchers investigated the instabilities of the eledyrimated jet and developed a model that
relates the dependence of the bending instability on the elgetdcstrength and solution flow
rate?® The bending instability or whip-like motion of the jet betweendégillary tip and the
grounded target results in thinning of the jet and formation of salmscale fibers. The jet
diameter decreases 4 or 5 orders of magnitude during electrospinuentp dhigh elongation
rates. Fridrikket al. developed a model that predicts fiber diameter for several polymer solutions
at various concentrations and as a function of surface tension and vohamge densit§’
Stephenset al. performed on-line Raman measurements at different positiansy ahe
electrospinning jet to determine the relative polymer/solveitt aat a function of distance from
the spinneret® The authors observed that the relative amount of poly(styrendjaby@rofuran
(THF) did not significantly change within the first 1 cm of {be suggesting minimal solvent

evaporation in this region.

2.1.2 Control of fiber morphology and diameter

There are three categories of variables that influence tl#rospun fiber diameter,
including (1) polymer solution variables, (2) process variables, aneh{@onmental variables.
Examples of solution variables are viscosity or polymer concenmtrasolvent volatility,
conductivity, and surface tension. Process variables consist oficeleeld strength, fluid
flowrate, and distance between electrodes. Finally, exampleswvafonmental variables are

temperature, vacuum conditions, and humidity.

% shin Y M, Hohman M M, Brenner M P, Rutledge G @dErospinning: A whipping fluid generates subraicr
polymer fibers. Appl. Phys. Lett. 2001;78:1149-1151

24 Fridrikh SV, Yu J H, Brenner M P, Rutledge G @nrolling the fiber diameter during electrospirmif®hys.
Rev. Lett. 2003;90:144502-1-4.

% Stephens J S, Frisk S, Megelski S, Rabolt J Fs€BaD. “Real time” raman studies of electrospberfs. Appl.
Spectroscopy 2001;55:1287-1290.



As mentioned previously, low molecular weight fluids form beadslroplets in the
presences of an electric field, while high molecular weilgils generate fibers. However, an
intermediate process is the occurrence of the “beads onrg’striorphology. In many
instances, bead formation is also observed in addition to fiber lgroihis morphology is a
result of capillary break-up of the spinning jet caused by tmface tensiof® Fonget al
observed the key variables that influence bead formation as solutcwsitys surface tension,
and the charge carried by the jet or solution conductVitythe authors showed that as the
viscosity increased for poly(ethylene oxide) (PEO)/water swisf the fiber diameter increased
and the shape of the beads changed from spherical to spindle-anapgcdually disappeared.
Moreover, decreasing the surface tension of the solution suppressespilteay break-up or
Raleigh instability, and favors formation of smooth fibers.

Other researchers have showed the influence of solution propedmdudtivity, and
surface tension) on electrospun fiber diameter and morphology. Studirealy(styrene),
poly(caprolactone), poly(urethane), poly(lactide), poly(vinyl chloridend poly(vinyl
pyrrolidone) have all yielded similar trends in fiber morpholegth polymer concentration or

solution viscosity®?°3%31:3233 |5 general, as the polymer concentration increases, and

% yarin A L. Free liquid jets and films: hydrodynarsiand rheology. New York: Wiley, 1993.
2"Fong H, Chun I, Reneker D H. Beaded nanofibensiéat during electrospinning. Polymer 1999;40:4588245

B Lee KH, KimH Y, Jung HJ, Lee S G. The changeedd morphology formed on electrospun polystyféress.
Polymer 2003;44:4029-4034.

PLee KH, KimHY, KhilM S, Ra Y M, Lee D R. Chastrization of nano-structured poty¢aprolactone)
nonwoven mats via electrospinning. Polymer 2003;247-1294.

% Demir M M, Yilgor 1, Yilgor E, Erman B. Electrospiing of polyurethane fibers. Polymer 2002;43:33389.
31 Jun Z, Hou H, Schaper A, Wendroff J H, GreinePAly-L-lactide nanofibers by electrospinning — irghce of

solution viscosity and electrical conductivity dbdr diameter and fiber morphology. e-Polymers 2[EX3N 1618-
7229.
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subsequently the entanglement density in solution increases, themidsphology gradually
changes from droplets to beaded fibers to uniform fibers. Thwus)ectrospinning to occur a
minimum solution concentration must be attained, and below this conaantthé Raleigh
instability dominates and electrospraying occurs. While the irapoe of chain entanglements
on electrospinning performance is accepted in the literature,wtitk has quantified the effect
of entanglements on electrospun fiber formation. Keskal electrospun poly(vinyl alcohol)
(PVA) of various molecular weights from watér.They measured the intrinsic viscositf],[of
PVA and observed electrospraying at concentrations beldw €, where C is the polymer
concentration. It was previously shown that the quantity] €[1 represents the dilute regime
from the overlap concentratio@¥) relationship shown in Eq. (2.1).

, 1
C Gl 2.1)

Moreover, Honget al showed that values of @] > 4 for PVA/water solutions were well
entangled® Thus, the authors showed that PVA solutions formed uniformed fibers when
electrospun from highly entangled solutions (values df]l Getween 5 and 12). More recently,

Shenoyet al defined the entanglement number in solutiog)d{) according to Eq. (2.2),

% Lee KH,KinHY, LaY M, Lee DR, Sung N H. Infimce of a mixing solvent with tetrahydrofuran antiN
dimethylformamide on electrospun poly(vinyl chl@jchonwoven mats. J. Polym. Sci. Part B: Polym.sPhy
2002;40:2259-2268.

¥yang Q, Lu Z, Hong Y, Zhao Y, Qiu S, Wang C, WeilNfluence of solvents on the formation of ultiath
uniform poly(vinyl pyrrolidone) nanofibers with @gospinning. J. Polym. Sci. Part B: Polym. Phya0442:3721-
3726.

3 Koski A, Yim K, Shivkumar S. Effect of molecularight on fibrous PVA produced by electrospinningatM
Lett. 2004;58:493-497.

% Hong P-D, Chou C-M, He C-H. Solvent effects onraggtion behavior of polyvinyl alcohol solutionslymer
2001;42:6105-6112.
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M .M,
(ne)soln = (M )W = (22)
e/soln e

whereM,, is the weight average molar magg,is the volume fraction of polymer in solution,
and M. is the entanglement molecular weight in the melt phase asmiletel by plateau
modulus measurements. The authors observed the formation of beaded electrospun fibers for
values of Qg)soin €qual to 2, and uniform fiber production fond.n > 3.5. Since the critical
entanglement molar mass as measured by viscddidy~ 2M., the above analysis states that
fiber formation occurs at the onset of chain entanglements, or Mhén= M.. Eq. (2.2) was
valid for poly(styrene), poly(lactide), poly(ethylene oxide), andy(atyl pyrrolidone).
Predictions from Eq. (2.2) are compared to correlations developed in outabaratories in
Chapter 3 of this dissertation. Gupmhal correlated the onset of electrospun fiber formation
with C* for a series of poly(methyl methacrylate)s (PMMA) siolus in a good solvent withl,,
values ranging from 12,470 to 365,700 g/fffolThe authors observed uniform fiber production
at C/C" = 6 for solutions of narrow polydispersity PMMA, while relativelpad polydispersity
samples did not form uniform fibers at normalized concentratioeshesC/C" = 10. This was
attributed to the larger number of low molar mass chains in thed bpolydispersity PMMAS,
which caused breakup of entanglement couplings in the electrospinning jet.

Solution conductivity is another polymer solution property that greatfjuances
electrospun fiber diameter. The addition of salts to polymer solutiassbeen shown to

increase the resulting net charge density of the electrospifetingrhe increase in net charge

% Shenoy S L, Bates W D, Frisch H L, Wnek G E. Raflehain entanglements on fiber formation during
electrospinning of polymer solutions: good solvewin-specific polymer-polymer interaction limit. Ipmer
2005;46:3372-3384.

3" Gupta P, Elkins C, Long T E, Wilkes G L. Elecpming of linear homopolymers of poly(methyl mathdate:
exploring relationships between fiber formatiorsodgsity, molecular weight, and concentration iroadysolvent.
Polymer 2005;46:4799-4810.

12



density increases the charge repulsion in the jet, thereby ¢gedmore plastic stretching and
the formation of thinner fibers. Moreover, it was also demonstthtgdhe addition of salts to
polymer solutions decreased the concentration of bead defects insthignge electrospun
fibers?’ This is attributed to the increase in charge repulsion albeget resulting in an
increase in surface area, which favors the formation of thinbersfinstead of beads. Seinal
varied the conductivity of PEO solution by adding small amounts (0 tot%) vof a
polyelectrolyte and studied the resulting diameter and morphologyecéléttrospun fiber§.
Upon the addition of either the polyanion, poly(acrylic acid) sodiur) salthe polycation,
poly(allylamine hydrochloride), the average PEO fiber diameter dettdns50%.

The surface tension of the polymer solution also influences theltimgs fiber
morphology because large surface tensions promote the formation ofigootiroplets. As
mentioned previously, the surface tension of the fluid must be oveiopitie electrical voltage
in order for emission of an electrified jet from the syringe. Watel varied the surface tension
of PVA aqueous solutions by adding a surfactanthe authors observed that droplet formation
occurred at 0.06 v/w % surfactant, which corresponded to a contactchr@fie while uniform
fiber formation occurred at 0.3 w/v% surfactant, which correspondecctmtact angle of 54-
60°. Moreover, Rutledget al have conjectured that high solution elasticity is necedsary
suppress the Raleigh instability driven by the fluid surfansio®, and ultimately form uniform

electrospun fiber&

33Son WK, Yourk J H, Lee T S, Park W H. The effasftsolution properties and polyelectrolyte on
electrospinning of ultrafine poly(ethylene oxidé)ers. Polymer 2004;45:2959-2966.

% Yao L, Haas T W, Guiseppi-Elie A, Bowlin G L, Sisgn D G, Wnek G E. Electrospinning and stabilizati
fully hydrolyzed poly(vinyl alcohol) fibers. Cherivater. 2003;15:1860-1864.

“0Yu J H, Fridrikh S V, Rutledge G C. Effect of fiuelasticity on the morphology of electrospun fibem. Chem.
Soc. Polym. Mat. Sci. Eng. 2005;93:992-993.
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Process variables also control the morphology of fibers during thetraspinning
process. In general fiber diameter is rather insensitiveaeps conditions when compared to
varying the polymer solution properties, however extensive work has peablished on the
influence of voltage, flowrate, and working distance on electrospunrfibgshology. Deitzeét
al. showed that the morphology of PEO fibers was dependent on thedhthpdiquid surface
from which the jet is formefl. As mentioned previously, at relatively low voltages the
electrospinning jet forms from a droplet of solution shaped as a wmeh Deitzelet al found
to produce uniform, bead-free fibers. However, as the voltage msasexn, the cone became
receded into the syringe needle and resulted in fibers with beactslefThis was attributed to
the rate at which solution was removed from the tip exceedingtheat which the solution was
delivered to the syringe tip, resulting in the formation of an uresfahl Zonget al. observed a
similar phenomena when electrospinning poly(D,L-lactide) at varimitages® The same
researchers also varied the volumetric flowrate that the solutésndelivered to the syringe
needle. They found that lower feed rates resulted in slightliteanfiber diameters due to faster
solvent evaporation at lower flow rates to the syringe tip. ©hadtion of larger electrospun
fibers with higher flowrates was also shown by Megelski al when electrospinning
poly(styrene) solution&

The distance between the electrodes or the working distancesllabegn shown to
influence the electrospinning process. Generally as the worlstande decreases the time for

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

1 Zong X, Kim K, Fang D, Ran S, Hsiao B S, Chu BuSture and process relationship of electrospun
bioabsorbable nanofibers membranes. Polymer 200Rt@3-4412.

*2Megelski S, Stephens J S, Chase B D, Rabolt Ji¢foMnd nanostructured surface morphology on edsptin
polymer fibers. Macromolecules 2002;35:8456-8466.
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evaporation decrease. Buchktd al studied the influence of processing variables on the
electrospinning behavior of Silk-Like Polymer with Fibronectin fiowlity (SLPF)** The
researchers observed that when the working distance was dedieasetl cm to 0.5 cm the
collected fibers were wet and agglomerated together due to insufficient selspatation.
Environmental conditions around the electrospinning jet have also shownyta pla
critical role on fiber morphology. Studies with polyurethane soluti@vealed that fibers
electrospun from solutions at elevated temperatures were morenumifatiameter than those
electrospun at room temperatdfe.Moreover, it was also observed that fibers were readily
formed from higher concentration solutions when electrospun at etet@mnperatures, due to
the decrease in viscosity with temperature. It should be notetethperature is a convoluted
variable when attempting to discern its influence on electrospunfébmation. Increasing the
solution temperature causes (1) a change in chain conformationuirolsp(2) a decrease in
solution viscosity, and (3) an increase in rate of solvent evaporation. Thus,\angnhé effect
of temperature on electrospinning proves difficult since all ofabeve can influence fiber
morphology. Humidity has been shown to control the surface morpholodgotfospun fibers.
Casperet al introduced micro- and nano-structured pores into polystyrene filvaen
electrospinning into an atmosphere with greater than 30% relhtiveidity** Since the

formation of the nano-pores were dependent on solvent volatility aniveetaumidity, the

*3Buchko C J, Chen L C, Shen Y, Martin D C. Progggsind microstructural characterization of porous
biocompatible protein polymer thin films. Polyme39B;40:7397-7407.

*4 Casper C L, Stephens J S, Tassi N G, Chase B mlIRAF. Controlling the surface morphology ofottespun

polystyrene fibers: Effect of humidity and molemulveight in the electrospinning process. Macrowukes
2004,;37:573-578.
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structures were considered to be breath figures. Srinivasar@oshowed breath figures are

formed from evaporative cooling at the fiber surface causing condensation afreiGis

2.1.3 Some applications of electrospun fibers

Due to their high specific surface area, small pore size 3aDdstructure, electrospun
fibers are being investigated for a wide range of applicatidnsthe present section of this
review a few of the many applications of electrospun fibers belloutlined. In particular,
several research groups are utilizing electrospun membranssuasdcaffolds due to the highly
porous microstructure and interconnected pores of the fibers. Whekl engineered
electrospun non-woven mats from collagen and poly(ethylene-co-viegthal), and displayed
that both materials promoted smooth muscle cell growth and pemetnato the electrospun
matrix*> Yoshimotoet al utilized polyge-caprolactone) (PCL) scaffolds to grow stem cells
obtained from bone marroff. They observed a cell multilayer growing on the PCL fibersr aft
4 weeks, making these fibers attractive as a potential teeatagainst bone defects. Poly(L-
lactide-coe-caprolactone) scaffolds have also been shown to support the growth ah hum
coronary smooth muscle cells for potential applications in blood vessel engirféering

Another biomedical application of electrospun fibers that is cuyreateiving much
attention is drug delivery devices. Researchers have monitoragél#iase profile of several

different drugs from a variety of biodegradable electrospun mambr Kenewagt al showed

> Srinivasarao M, Collings D, Philips A, Patel Sr@é&-dimensionally ordered array of air bubbles prolymer
film. Science 2001;292:79-82.

* Yoshimoto H, Shin Y M, Terai H, Vacanti J P. A Beagradable nanofibers scaffold by electrospinnimyits
potential for bone tissue engineering. Biomater28183;24:2077-2082.

*"Xu C Y, Inal R, Kotaki M, Ramakrishna S. Aligneibtlegradable nanofibrous structure: a potentiaffstd for
blood vessel engineering. Biomaterials 2004;25:886 -
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a smooth release of tetracycline from poly(ethylene-co-voeyéie) and PDLA for up to 5
days?*® MefoxinO, a hydrophilic drug used for prevention of infections after surdisplayed a
controlled release from poly(lactide-co-glycolide) membraneof@r 6 day$® Moreover, the
authors showed that release of the antibiotic from the non-woven meentmas successful in
inhibiting bacterial growth. Similarly, Jiargf al showed sustained release of ibuprofen over 2
weeks from a biodegradable electrospun membtane.

Another application for electrospun fibers is porous membraneslti@tiéin devices.
Due to the inter-connected network type structure that electrospus fitben; they exhibit good
tensile properties, low air permeability, and good aerosol protectipabilities. Moreover, by
controlling the fiber diameter, electrospun fibers can be prodused a wide range of
porosities. Thus, Gibsoat al conjectured that these membranes would provide significant
resistance to chemical and biological agents, while penetratiorater vapor for evaporative
cooling® The authors electrospun a nylon coating directly onto a polyuretbamecontaining
activated carbon, which is used as a component for protective clothinglitary applications.
They found that upon the addition of the electrospun membrane, aerogdé emetration was
eliminated through the polyurethane foam. Research has alscedoomsthe influence of

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

8 Keneway E-R, Bowlin G L, Mansfield K, Layman Jnfpison D G, Sanders E H, Wnek G E. Release of
tetracycline hydrochloride from electrospun polhifd¢ne-co-vinylacetate), poly(lactic acid), andlend. Journal of
Controlled Release 2002;81:57-64.

“9Kim K, Luu Y K, Chang C, Fang D, Hsiao B S, ChuHBdjiargyrou M. Incorporation and controlled radeaf a
hydrophilic antibiotic using poly(lactide-co-glyédé)-based electrospun nanofibrous scaffolds. dbwfn
Controlled Release 2004;98:47-56.

%0 Jiang H, Fang D, Hsiao B, Chu B, Chen W. Prepamaind characterization of ibuprofen-loaded pobfitse-co-
glycolide)/poly(ethylene glycol)-g-chitosan electpoin membranes. Journal of Biomaterials Sciendgneo
Edition 2004;15:279-296.

*1 Gibson P, Schreuder-Gibson H, Rivin D. Transpoopprties of porous membranes based on electrospun
nanofibers. Colloids and Surfaces A: Physiochenaoal Engineering Aspects 2001;187-188:469-481.
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poly(acrylonitrile) were electrospun in a side-by-side fashiowieétd fibers with electrically
dissimilar charge¥® The filtration properties slightly depended on the surfacegehaf the
membrane, however the fiber diameter was found to have the sttamiigence on the aerosol
penetration. Electrospun fibers are currently being utilizeddweral other applications as well.
Some of these include areas in nanocompdsiteinorganic/polymer composit¥s

reinforcements, optical sens@rand UV curable materiafs.

2.1.4 Melt Electrospinning

The basic fundamentals of electrospinning polymers from the mede@ra the same as
electrospinning polymers from solution, provided the polymer is theyrstdble. Figure 2.2
shows a typical melt electrospinning schematic. A charged fkti is emitted from high
molecular weight polymer melt when subjected to a large eldetic force. The jet undergoes
stretching until it sufficiently cools, and the viscosity overcorties charge repulsion in the
solidified jet. There are several advantages and disadvanidnges electrospinning polymer
filaments from the melt compared to solution processing. Cemérerds that are utilized for
solution electrospinning may not be compatible with industrial regulatidiereover, most

electrospinning solvents are certainly not biologically compatible wheehtlgrrestricts

2 Schreuder-Gibson H, Gibson P, Tsai P, Gupta Pké&/iG L. Cooperative charging effects of fibersrfro
electrospinning of electrically dissimilar polymehsternational nonwoven journal 2004;13:39-45.

S LeeHL, LeeJH, An |-G, KimC, Lee D S, Lee Y Kam J-D. Electrospun dual-porosity structure and
biodegradation morphology of Montmorillonite reinfed PLLA nanocomposite scaffolds. Polymer 20053265-
3172.

* Larsen G, Velarde-Ortiz R, Minchow K, Barrero Adcertales | G. A method for making inorganic agidrid
(organic/inorganic) fibers and vesicles with diaenstin the submicrometer and micrometer rangeoligel
chemistry and electrically forced jets. J. Am. Ch&woc. 2003;125:1154-1155.

> Gupta P, Trenor S R, Long T E, Wilkes G L. In gitwto-cross-linking of cinnamate functionalizedygmethy!
metahcrylate-co-2-hydroxyethyl acrylate) Fibersinigielectrospinning. Macromolecules 2004;37:921182
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Figure 2.2. Schematic of the melt electrospinning process.
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applications in biological areas. Melt electrospinning eliminatdgent emissions, which results
in cleaner processing and more environmentally friendly operations. The remeublasft also
increases the process productivity since many fibers actr@spun from solutions with greater
than 90% solvent. There are also large disadvantages to electrosgiomnthe melt phase.
The most significant factor is that high melt viscosities pnevbe formation of sub-micron
fibers, and melt electrospun fiber diameters are on the ordmmetntionally processed fibers.
Consequently, few studies have been conducted utilizing melt electrospinning.

Larrondo and Manley were the first to report the formation otrelsgun fibers from the
melt>®®’ The researchers electrospun poly(ethylene) (PE) and polylene) (PP) into
ambient air, and compared the fiber properties to conventionallggsed fibers. Jet initiation
occurred from the Taylor cone when the PE or PP melt was pladbé electric field. The
applied voltage, temperature, and take-up speed were varied to detranimefluence on fiber
diameter. The fiber diameter decreased with temperaturdrieleld strength, and take-up
speed, however all average fiber diameters were greater tham.10The reduction in fiber
diameter with temperature was attributed to the reduced mettsitg. Lyonset al also studied
the influence of processing parameter on electrospinning (PP afielarious tacticitie® The
authors observed an exponential relationship between average fibestatisand molecular

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

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

% Larrondo L, St. John Manley R. Electrostatic fispinning from polymer melts. |. Experimental olvsgions on
fiber formation and properties. J. Polym. Sci. BarPolym. Phys. 1981;19:909-920.

*"Larrondo L, St. John Manley R. Electrostatic fispmning from polymer melts. Il. Examination oétflow field
in an electrically driven jet. J. Polym. Sci. PArtPolym. Phys. 1981;19:921-932.

8 Lyons J, Li C, Ko F. Melt electrospinning parplocessing parameters and geometric propertiegnieol
2004;45:7597-7603.
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fibers were on the order of Ifin in diameter, it should be noted that a few sub-micron fibers
were generated due to branching off of the larger fibers. Wémsattributed to side jets forming
from the molten polymer jet. Unlike electrospinning from solution, nadimgy instability or
whipping motion was observed for the PP melts due to the high metisity and relatively
short path length of the jet. The same researchers alsovethshe absence of a bending
inutility during melt electrospinning of poly(ethylene terephttel3t It is this lack of whipping
instability, which prevents the formation of uniforsb-micronelectrospun fibers. It was
conjectured by Reneket al that elevated temperatures and high electrical conductivites a
necessary for the onset of bending instability in molten geid the formation of melt fibers less
than 1nm in diametef® However, these criteria must be balanced with the thernfmlitstand

processibilty of polymer melts.

9 Lyon J, Pastore C, Ko F. Development in melt-eespiinning of thermoplastic polymers. Am Chem. Salym.
Prepr. 2003;44:122-123.

0 Reneker D H, Hou H, Rangkupar R, Lennhoff J DcEtspinning polymer nanofibers in a vacuum. Amefh
Soc. Polym. Prepr. 2003;44:68-69.
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2.2 Branched polyesters: Recent advances in syntieand performance

(McKee M G, Unal S, Wilkes G L, Long T Prog. Polym. Sciz00530:507-539.)

This section of the literature review primarily covers theugrice of long-chain
branching on the rheological behavior and thermal properties since tme miesent objectives
is to understand how branching influences electrospinning performadoéke short chain
branches (SCB), a long chain branch (LCB) is long enough to éataty other chains in the
melt and concentrated solutions thereby drastically alterindgldkae properties. The critical
entanglement molecular weighil{) is the minimum molecular weight at which a polymer chain
entangles, as often measured by the molecular weight dependeriseosfty® The valueV,
separates two regimes in the dependence of zero shear sedsityi (1)) on weight average
molecular weightN,,) for linear chains. Below. the value of/, scales directly wittM,, and
aboveM, Ao scales withM,, ** The value ofM for a given polymer is directly related to the
entanglement molecular weigh¥1§), which is typically determined from the plateau modulus
(G°\) as shown in Eq (2.3),

_IRT
* G%

M (2.3)

wherer is the polymer melt density is the gas constant, afdis the absolute temperature.
Fetterset al relatedM andM. through the packing lengtp)( which is proportional to the cross-

sectional area of a polymer ch&f Values ofM. were reported in the literature for several

®1 Ferry J D. Viscoelastic properties of polymer® Biition. Wiley, N.Y.1980.

%2 Fetters L J, Lohse D J, Graessley W W. Chain d#iioss and entanglement spacings in dense macroufeiec
systems. J. Polym. Sci. Part B: Polym. Phys. 1909(®3-1033.
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linear polyesters, including PET (3300 g/mol), poly(decamethyleweirsate) (4600 g/mol),
poly(decamethylene adipate) (4400 g/mol), and poly(decamethylene 31§d680 g/mol}>
Below, is an overview of current dilute solution methods utilized toacharze the

degree of branching and branch lengtlhhe performance of branched polyesters, including
behavior in dilute and semi-dilute solutions, and melt and solid-stapenties are discussed.
The implications of topological parameters including branch lengtmbeu of branches, and
branching architecture on rheological performance are alsovedie Although the majority of
this review focuses on the melt and solution rheological behavioraotbed polymers, some
discussion is devoted to the influence of branching on solid-state pespartd controlled
biodegradation for drug-delivery applications. Finally, a perspeofiveture 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 rhealogmd thermal
properties, it is important to characterize polymer architeabara molecular level. Short chain
branches are recognized with spectroscopic methods, while sp#weglychain branched
polymers are much more difficult to characterize. In practicest branched polyesters are
random in nature, with heterogeneous distributions of molecular weight, nwhibmanch
points, and length of the branches. Since random branching influpobgaer molecular
weight and molecular weight distribution, it is important to deconvdlueeffects of chain
architecture and molecular weight. The determination of maeowkight of a branched

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

83 zang Y-H, Carreau P J. A correlation betweenaaitend-to-end distance for entanglements and mialechain
diameter of polymers. J. Appl. Polym. Sci. 199114%5-1968.
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polystyrene results in large errors since separation edbas hydrodynamic volume and linear
and branched chains can possess the same hydrodynamic sizefebentdifiolecular weight¥.
Consequently, light scattering, a method that does not depend on anydsamdahapes, is

critical for measuring the absolutg, of branched polymer chaifis.

2.2.1a Contraction Factors

When compared in the same environment (temperature and solvent), lzedrantymer
has a higher segment density and a lower hydrodynamic volumehtitanf & linear polymer of
equal molecular weight. Solution or melt viscosity measuremeoipled with SEC and light
scattering experiments yield information regarding polymes %izThe mean square radius of
gyration, %;>, is a measure of a polymer's hydrodynamic volume as meassieg static
light scattering. Consequently, the ratio of trFézgas of a branched polymer to that of a linear
polymer of the same molecular weight expresses the degreenchiomg, a quantityy, referred

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

<R2g>b hed
— ranche 2.4
g <R29>Iinear ( )

Similarly, the ratio of the intrinsic viscosity Af]) of a branched chain to a linear chain,

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

[/7 ] branched

g —
[/7] linear

(2.5)

% Kratochivil P. Characterization of branched polysaélacromol. Symp. 2000;152:279-287.

85 Zimm B H, Kilb R W. Dynamics of branched polynraplecules in dilute solution. J. Polym. Sci. Partfolym.
Phys. 1996;34:1367-1390.

% podzimek S. A review on the analysis of branchelgimpers by SEC-MALS. American Laboratory. Januab@2:
38-45.
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The value ofg’ is easily determined using the procedure of Hudsbal, where a multi-angle
laser light scattering (MALLS) detector and a viscositied®r are coupled with SE€. The
value of ]uranchediS Measured directly using the viscosity detector anghelhr is calculated
using the Mark-Houwink relationship shown in Eq (2.6).

[h]linear =KMm,’ (2.6)
The parameterK anda, are the Mark-Houwink constants for a linear polymer. For atine
chain,g andg’ are equal to 1.0 and decrease as the level of branching iesre&sgure 2.3
shows the decrease @gfdenoted g in the figure, for branched poly(vinyl acetate) as a function
of molecular weight® The contraction factor decreases from about 0.95 at low molecular
weight to 0.45 at higher molecular weights, indicating the high ratdechains have a larger
degree of branching.

Since the value offj] of a branched polymer is lower than that of its linear ayatoe
Mark-Houwink exponenta, for a branched polymer is generally smaller than that of arlinea
chain. Comparison of the intrinsic viscosity dependenceM@nfor a series of linear and
branched polystyrenes showed a systematic decrease in theHblarknk exponent from 0.73

to 0.68 to 0.39 for linear, star-branched, and hyperbranched topologies, resp&tfively.

" Hudson H, MacDonald W A, Neilson A, Richards R Sterrington D C. Synthesis and characterization of
nonlinear PETs produced via a balance of branchmhEndcapping. Macromolecules. 2000;33:9255-9261.

% Grcev S, Schoenmakers P, ledema P. Determinatiolecular weight and size distribution and brangtof
PVAc by means of size exclusion chromatography/framgle laser light scattering (SEC/MALLS). Polymer
2003;45:39-48.

% Kharchenko S B, Kannan R M, Cernohous J J, Verdaatani. Role of architecture on the conformation,
rheology, and orientation behavior of linear, stang hyperbranched polymer melts.1. Synthesis aridaular
characterization. Macromolecules. 2003;36:399-406.

O Kharchenko S B, Kannan R M. Role of architecturete conformation, rheology, and orientation bétraof

linear, star, and hyperbranched polymer melts.2edi viscoelasticity and flow birefringence. Macaetules.
2003;36:407-415.
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Figure 2.3. Contraction factor (g) vs. molecular weight for randomly branched poly(vinyl
acetate). The contraction factor decreases from about 0.95 fondbecular weight species to
0.45 for the higher molecular weight chains, indicating the high molechéans have a larger

[68].
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It should be noted that other researchers have showed that, in theoflimgh molecular
weights, linear polymer and star polymers that possessed adaggeof arm numbers exhibited
equal Mark-Houwink exponents for polybutadienes and polyisopréreghis discrepancy
between the dependence & pn molecular weight for star-shaped polymers may possibly be
attributed to the lower polystyrene molecular weights that vievestigated in Ref. [65].
Lusignan, Mourey, Wilson, and Colby utilized the disparity in the Maokniink exponent for
linear and branched chains to estimate the average distanmeebebranch points for a
randomly branched polyestét. Figure 2.4 shows the intrinsic viscosity as a functioMgffor
SEC fractions of the branched polyester. The two slopes corresp@ndataes of 0.80 and
0.43, typical for linear and branched chains respectively, and thenesihtersect at 66,000
g/mol. The authors concluded that this crossover from linear wehivibranched behavior
marks the average linear chain length in the polymer systerthandeight average molecular

weight between branch points.

" Roovers J, Toporowski P, Martin J. Synthesis dmatacterization of multiarm star polybutadienes.
Macromolecules. 1989;22:1897-1903.

"2Bauer B J, Fetters L J, Graessley W W, HadjicilistN, Quack G F. Chain dimensions in dilute poym
solutions: A light-scattering and viscometric stuafymultiarmed polyisoprene stars in good greblvents.
Macromolecules. 1989;22:2337-2347.

3 Lusignan C P, Mourey T H, Wilson J C, Colby R Hsabelasticity of randomly branched polymer in the
vulcanization class. Phys. Rev. E. 1999;60:5657566
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Figure 2.4. Intrinsic viscosity as a function M, for a randomly branched polyester. The

intersection of the two slopes corresponding to respeativalues 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 tbrdreching parameters of a
polymer chain. Zimm and Stockmayer relatpdalues to the average functionality and the
number of branching units for randomly branched ch#ins.For star polymers with

monodisperse arms under theta conditigresan be calculated using Eq (2.7),

2.7)

wheref is the number of arms. Unfortunately, it is not possible to medkarenean square
radius of gyration for low molecular weight chains due to thétdiion of MALLS. In fact,
<R?;>? measurements are unreliable for values less than 10 nm, whalgtsly a value o,

of the order of 1Hg/mol” Intrinsic viscosity and’ are more reliable measurements, however a
theoretical basis is not developed that relgtés 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

g'=9° (2.8)
wheree is between 0.5 and 1.5, and is dependent on the type of braAthignerally,eis
equal to 0.5 for low levels of branching or for star polymers, engi$ closer to 1.5 for comb-
shaped polymerS. Jackson, Chen and Mays determined values bé&tween 0.8 to 1.0 for

randomly branched poly(methyl methacrylate), and concluded thatstt@metric radiusK,) is

4 Zimm B H, Stockmayer W H. The dimensions of chainlecules containing branches and rings. J Chews.Ph
1949;17:1301-1314.

" de Luca E, Richards R W, Molecular Characterizatiba Hyperbranched Polyester.1.Dilute SolutioopRrties.
J. Polym. Sci. Part B: Polym. Phys. 2003;41:1339113

" Douglas J F, Roovers J, Freed K F. Characterizatidranching architectures through “universatias of
polymer solution properties. Macromolecules. 199%268-4180.

" Bohdanecky M. A Semiempirical Formulation of thiéeEt 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 segmesitydef the branched
chains’® Instead of trying to convert intrinsic viscosity contracfiactors to radius of gyration
contraction factors, Balket al developed an empirical relationship betwgeand number of
arms, ranging for star-branched poly(methyl methacrylaté) @ito 270 arm&’ The authors
showed the number of arnfswas more accurately predicted through the empiricallfés by

estimating values a# and using Egs (2.7) and (2.8).

2.2.1b Endgroup Analysis

The average number of branches per chain for a step-growth pagydetermined from
the basic theoretical concepts of Flory and Stockmayer. The madeldependent upon the
number of polymer chain ends, molecular weights, and initial contentraf the mono-, bi-,
and tri-functional repeat units. End-group analysis on the branchgugroteveals the number
of total end-groups. Researchers calculated the number of end gyoBWEST branched with a
trifunctional compound from the concentration of hydroxyl and carboxyittextd-groups [54].
Utilizing the number of end-groups, Manaresial and others employed the number average
branching density or the average number of branches per Bhain,

2r
B =—«+— 2.9
" =31 3p (2.9

wherer is a parameter that represents the initial polymer composition,

3n..
r=—— o (2.10)
3ntrif + 2nbif

'8 Jackson C, Chen Y-J, Mays J W. Dilute solutiorperties of randomly branched poly(methyl methadeylal.
Appl. Polym. Sci. 1996;59:179-188.

Balke S T, Mourey T H, Robello D R, Davis T A, KiA, Skonieczny K. Quantitative analysis of steartzhed
polymers by multidetector size-exclusion chromaapdry. J Appl. Polym. Sci. 2002;85:552-570.
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andnyis is the number of initial trifunctional moleculesy is the initial number of bifunctional

molecules, ang is the extent of reaction given by Eq. (2.11),

M M M
p=1' E Tb' r Tb' ?t (211)

whereE is the sum of all end-groups (equiv/g) avig andM; are the molecular weights of the
bi- and tri- substituted repeat units, respectively

A mono-functional agent is often added to a stepwth reaction mixture in tandem with
the multi-functional branching agent for facile twh of molecular weight. Theory developed
by Flory and Stockmayer predict that addition ohano-functional agent shifts the conversion
at which gelation occurs to higher values. Morepvéhen the molar ratio of mono- to tri-
substituted agents is greater than or equal tcettttee gel point cannot be reaciéd.The
addition of a mono-functional compound is easil}camted for in the above analysis by

introducing the parameters,

n
r'= mone (2.12)
n + 2ﬂbif + 3r]trif

mono

where mono is the number of moles of mono-functional ageiithe extent of reactiorp, is

redefined as,

p:1-E%+ %-%r+ Mm-%r' (2.13)

whereM, is the molecular weight of the monofunctional uniinally, the average number of

branchesB,, is given by Eq. (2.14).

8 Manaresi P, Munari A, Pilati F, Alfonso G C, RuscSartirana L. Synthesis and characterizatidrigifly
branched poly(ethylene terephthalate). Polymer6208955-960.
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B=_ 2T (2.14)
3-r+3r'-3p

It should be noted that long chain branches arendfielow the detection limit of end-
group analysis and dilute solution measurementarfiotures of linear and branched chains.
Consequently, the aforementioned methods inseasittv sparsely branched chaf§?
Typically spectroscopic techniques and SEC metlaoel$imited to detection of branching levels
of 1 branch point per 10,000 carbdfisMoreover, in polymer systems that contain botbrish
chain and long chain branches, like polyolefing, @bove methods cannot discriminate between
the two thereby making LCB detection difficult. Morecently**C NMR measurements detected
branching levels of 0.35 branches per 10,000 cartiorpolyethylene&’ Because the flow
behavior of polymers is sensitive to long chaimislees at concentrations far below the detection
limit of the above methods, rheology becomes thg teasible way to identify low levels of

branching®®

2.2.2 Influence of branching on melt rheological properties: Modek®ms and long-chain

branched polyesters

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

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

8 Ahmad N M, Lovell P A, Underwood S M. Viscoelaspimperties of branched polyacrylate melts, Polyr.
2001;50:625-634.

8 Doerpinghaus P J, Baird D G. Separating the effetsparse long-chain branching on rheology froas¢ due to
molecular weight in polyethylene. J Rheol. 2003747-736.

8 Colby R H, Janzen J. Diagnosing long-chain bramgin polyethylenes. J Mol. Struct. 1999;485-486:564.

8 DeGrott AW, Karjala TP, Taha AN, Johnson MS. Larigin branching measurements of polyethylenesola to
box of techniques. International workshop on bradicholymers for performance, Proceedings. Spririg20
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H-shaped, etc). Typically, long-chain branchedypwrs exhibit shear and extensional
viscosities that are unobtainable with linear chairror example, at low shear rates, branched
chains can exhibit a shear viscosity greater th@d times that of linear polymer of equal
molecular weight, while at high shear rates, th@nbhed polymer may exhibit a lower shear
viscosity than the linear polymer due to enhantegsthinning”

The presence of less than one long-chain brancigagolymer backbone on average is
known to significantly alter the flow properti€s.Only long-chain branches, branches with
> M, can greatly alter rheological properties, whi@BSdo not affect the rheological behavifr.
Several branching parameters influence rheologicgderties including branch length, degree of
branching, and chain architecture (random, stamdirad, comb, H-branched, etc.). Typically,
branches are introduced in a random fashion dyoigmerization, thereby leading to a broad
distribution of branch lengths and branch dens@®pnnsequently it becomes difficult to separate
the effects of branching distribution, moleculargié distribution, and chain architecture.

PET and other linear polyesters of relatively lowlecular weight and narrow molecular
weight distribution display poor melt strength asbear sensitivity at typical processing
conditions®”%® Additives, molecular weight and molecular weidkgtribution changes by chain

extension during reaction or post reactor procgssiranching, chain end functionalization, and

8 Wood-Adams P, Dealy J M, deGroot A W, Redwine GEBlect of molecular structure on the linear videséc
behavior of polyethylene. Macromolecules. 2000;389%7499.

8 Bin Wadud S E, Baird D G. Shear and extensiorebldgy of sparsely branched metallocene-catalyzed
polyethylene. J Rheol. 2000;44:1151-1167.

8" Dhavalikar R, Yamaguchi M, Xanthos M. Moleculadastructural analysis of a triepoxide-modified
poly(ethylene terephthalate) from rheological data&?olym. Sci. Part A: Polym. Chem. 2003;41:958-96

8 Kang H, Lin Q, Armentrout SR, Long TE. Synthesisl @haracterization of telechelic poly(ethylene
terephthalate) sodiosulfate ionomers. Macromoleci#602;35:8738-8744.
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controlled cross-linking are often used to modifg melt rheology of polyeste?s. In addition,
long chain branched polymers display superior steéngth and extensional viscosity compared
to their linear analogs, which aids in blow moldiagd other processing applicatidisThis
section describes the influence of branching onntleét and concentrated solution rheological
properties of polyesters, with particular focus the influence of the branching parameters

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

2.2.2a Number of branches per chain and branclitieng

Randomly branched polyesters:

For a randomly branched polymer chain, the averagaber of branches per chain
(degree of branching) and the branch length argledufor a given molecular weight. For
example, a 100,000 g/mol polymer with an averagerd branch per chain has an average

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

M
M, = W 2.15
»=28 31 (2.15)

where My, is the molecular weight between branch poiMg, is the total polymer molecular
weight, andB,, is the average number of branches per chain. ,Thashigher concentration of
multi-functional agent were added to a step-gropdlymerization to yield a polymer chain with
the same overall molecular weight, but with thre@nlbhes per chain, the average branch length

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

% Yilmazer U, Xanthos M, Bayram G, Tan V. Viscoeiasharacteristics of chain extended/branched e
polyethylene terephthalate resins. J Appl. Polyoi. 300;75:1371-1377.
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for equivalent molecular weights, this section déss the influences of both parameters on
rheological properties.

The dependence dh on M,, is well established for linear, flexible chainswo regimes
are separated by a critical molecular weig¥it)( below which/, scales directly withv,, and
above which/, generally scales witM,, > Chains with molecular weights beldv are too
small to entangle, while the high molecular weighains are topologically constrained due to
entanglement couplings. Researchers have showign#icant departure from thén-M,,
relationship exists for branched chains due ta¢deced hydrodynamic volume of the branched
chains at low molecular weights, and increasedngeanent couplings at higher molecular
weights®

Hess, Hirt, and Opperman varied the level of randmanching in PET by adding
different levels of trimethylolpropane (TMP) to theelt polymerization, and the branched PET
possessed a lower, compared to linear chains of equd), (approximately 50,000 g/moly.
Figure 2.5 shows the systematic decrease in tleesterar rate viscosity as the average number
of branches per chain was increased from 0.1 to Ote parameter g*, which is the ratio of the
zero shear rate viscosity of a branched and lioeain at equal molecular weight, also decreased

with the average number of branches per chain.

“ Rosu R F, Shanks R A, Bhattacharya S N. Dynansioldyy of branched poly(ethylene terephthalatelyrRo
Int. 2000;49:203-208.

1 Hess C, Hirt P, Opperman W. Influence of branchinghe properties of poly(ethylene terephthaléibeys. J.
Appl. Polym. Sci. 1999;74:728-734.

35



09+

08+

0.5

....
==
-,
..
"=

- .
-
.....

Figure 2.5. Systematic decreasegin([ Alu/[4]) and g* (/0.6//0,) @s a function of average

01

0.6

number of branches per chain for randomly branéted withM,, = 50,000 g/mol [91].

36



For a series of linear and randomly branched paty{bne isophthalate) polymers, Munatial
also showed a decrease Mg with ~0.5 branches per chain compared to a lirdein of
equivalentM,, (55,000 g/molf?> Moreover, when these same authors employed tirelation
that relates the ratio df, of a branched and linear chain of egMil as developed by Ajroldst

al., the branching index increased from 0 to 1.0 twedzero shear rate viscosity systematically
decreased by four orders of magnitude. Similamaben was exhibited for branched PET and
branched poly(butylene terephthalat®).

The influence of the level of random branchingtioa rheological properties of aliphatic
polyesters has also been investigated. Kimal observed a systematic decrease in shear
thinning onset for branched poly(butylene succing®BS) as the level of trifunctional
branching agent was increased from 0 to 0.5 Wt%he onset of shear thinning behavior was
attributed to a higher entanglement density of bn@enched chains. Moreover, the authors
observed an increase fm for branched PBS over linear PBS. However thesgre author
believes the enhancement in both shear thinning/mndas more likely due to the significant
increase irM,, and polydispersityM./M,) for the branched chains relative to the lineaimh.
Short-chain, ethyl and-octyl branches were also introduced into poly(kthg adipate) (PEA)
and PBS. In contrast to long-chain branched systendecrease in melt viscosity and shear

thinning behavior were observed when comparechtali PEA and PBS of approximately equal

92 Munari A, Pilati F, Pezzin G. Melt viscosity ohéar and branched poly(butylene isophthalate). RAeta.
1988;27:145-149.

9 Munari A, Pilati F, Pezzin G. Linear and brancipedy(butylene terephthalate): activation energyrfit flow.
Rheol. Acta. 1985;24:534-536.

“KimEK,BaeJS,ImSS, KimB C, Han Y K. Pregtion and properties of branched polybutylenesiatein)
Appl. Polym. Sci. 2001;80:1388-1394.
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weight average molecular weighit. The ethyl anch-octyl branches were not long enough to
form entanglements, and consequently shear thin@ind /i, enhancement were not as
pronounced. The melt viscosity of the branched/gxier was lower than that of the linear
polyester due to the reduced hydrodynamic volume¢hefbranched chains. Lehermeier and
Dorgan studied the influence of blending linearyfaudtide and polylactides that were randomly
branched through a peroxide cross-linking reactonthe melt rheological propertigs. The
authors ensured that the polylactides did not waeegradation at the rheological conditions
by adding the stabilizer, tris(nonylphenyl) phosghi They observed excellent control over the
rheological performance with the blend compositiom particular, the authors reported an
increase infpy and decrease in the frequency at which shearitignoccurred with increasing
blend compositions of the branched chain. Unfately, molecular weight information was not
reported, and the branching structures of the potides were not characterized. Thus, it was
difficult to assess the relationships between bdrastucture and rheological behavior.

Lusignan, Mourey, Wilson, and Colby studied thee#ir viscoelastic properties of
randomly branched polyesters with varying branahmgies’® The authors showed for low
branch length oN = 2 monomeric units, the chains were unentanghetieeccurately described
by the Rouse model without hydrodynamic or topaiabiinteractions! Moreover, further
studies showed that entanglements between the maypdiwanched chains did not form fidr<

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

% Jin H-J, Park J-K, Park K-H, Kim M-N, Yoon J-Soperties of aliphatic polyesters with n-paraffigide
branches. J Appl. Polym. Sci. 2000;77:547-555.

% Lehermeier H J, Dorgan J R. Melt rheology of plalgtic acid): Consequences of blending chain aechires.
Polym. Eng. Sci. 2001;41:2172-2184.

9 Lusignan C P, Mourey T H, Wilson J C, Colby R\Hscoelasticity of randomly branched polyestershia
critical percolation class. Phys. Rev. Part E. 199%5271-6280.
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between branch point8. Branched polyesters with = 900 were synthesized to demonstrate
that topological constraints dominate the viscdelassponse of chains with branch lengths long
enough to entanglé. The average molecular weight between branch pdtiiswas determined

by analyzing the intrinsic viscosity dependencévigf as shown in Figure 2.4. Thv, (66,000
g/mol) was defined as the crossover from lineasremched behavior, and was measured by the
reduction of the f] vs. My, slope. BelowM,, 4 scaled withM,, *° which was consistent with
experimental results for entangled linear chains, @boveM,, /o~ My, ®° due to the increased
entanglement constraints imposed by the branchath€h Figure 2.6 shows that the Rouse
model breaks down fdW/Ne > 2, whereN/N. is the number of entanglements per branch, due to
entangled dynamics as the viscosity expongntaries significantly from the Rouse prediction
of 1.33. Consequently, the authors concludedMhat 2M, for entanglements to dominate the
flow behavior. Earlier experiments by Long, Berand Hobbs observed that the rheological
behavior of randomly branched polymers is dependerthe branch lengt. They observed a
larger h for branched poly(vinyl acetate) compared to adinchain of equal molecular weight
when the average molecular weight between bran@igs was greater than 28,000 g/mol.
UsingMe = 9,100 g/mol, which was reported by Fetetral for poly(vinyl acetate}® My ~ 3Vl

for entanglements between branches to control @ile nmeological performance Several other
researchers have also investigated the rheologispbnse of randomly branched chains. Valles

and Macosko showed thislt; is higher for randomly branched poly(dimethylséoe) (PDMS)

% Colby R H, Gillmor J R, Rubinstein M. Dynamicsrafar-critical polymer gels. Phys. Rev. Part E. 1883712-
3716.

%'Long V C, Berry G C, Hobbs L M. Solution and bplioperties of branched polyvinyl acetates IV — Melt
viscosity. Polymer. 1964;5:517-524.

10 Fetter L J, Lohse D J, Milner S T, Graessley WR&cking length influence in linear polymer meltstoe
entanglement, critical, and reptation molecularglts. Macromolecules. 1999;32:6847-6851.
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Figure 2.6. ForN/Ne > 2 deviation from the Rouse models is evident tduentangled dynamics
as the viscosity exponert, significantly varies from the Rouse prediction1083. The solid
line is the Rouse prediction fdW/N. <2, and a phenomenological equation that describes

entanglements fdW/Ne > 2 [73].
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chains compared to linear chains as measured bilthdependence ofn.!°* Moreover, the
number of branches per chain also influenbkd as M. increased from 33,000 for the linear
chain to 98,000 and 110,000 g/mol for the trifumcél and tetrafunctional polymers
respectively. Unlike the randomly branched polgestthe researchers observed a webker
M,, relationship for branched PDMS aboWk. However, when/iy was plotted against the
product ¢/, (where g is the contraction factor) in Figure Za7yiscosity enhancement was
observed for the randomly branched PDMS as seeopidy with star-branched polyisoprene.
Finally, Masudaet al. reported a dependence of viscoelastic propertre#p for randomly
branched polystyrene in 50 wt% solutidfis.A clear plateau region was not observedvighVle

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

chains withMy/M. = 6 showedy enhancement.

%1valles E M, Macosko C W. Structure and viscositpoly(dimethylsiloxanes) with random branches.
Macromolecules. 1979;12:521-526.

192 \Masuda T, Ohta Y, Onogi S. Rheological properiesandomly branched polystyrenes with differentecalar
weights between branch points. Macromolecules. J1988524-2532.
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Figure 2.7. Dependence 6§ on the productg,, for randomly branched PDMS. The triangles
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Star-Branched Polymers:

This review has focused on randomly branched gtdys that contain a distribution of
branch lengths. Unlike randomly branched polymigrs,synthesis of star polymers allows for a
high degree of control over the molecular structudeie to the well-defined chain architectures
that result from more controlled synthetic stragsgistar polymers have received much attention
in the area of structure/property relationshipsindamental investigations of the dynamics of
star polymers will provide useful information fonderstanding the behavior of commercially
produced, randomly branched materidfs At relatively low molecular weight, the viscosit§a
star polymer is lower than a linear analog, howgtler viscosity of the star polymer increases
faster with molecular weight and exceeds that ef lthear analog at some specific molecular
weight®* This molecular weight dependence occurs becduasstar polymer exhibits a reduced
hydrodynamic volume compared to a linear polymes thuthe higher segment density, but a
competing effect arises since the star polymer ggses restricted chain motion due to the
constraint that one end of the arm is anchoredh@ostar core. Consequently, the branch point
hinders reptation, and relaxation only occurs witenarm retracts back along the confining tube
and seeks a new directiof. McLeish and Milner suggested two modes of relaxaof a star
polymer. Short relaxations occur at the chain evitgre the branch point does not restrict the

arm, and long-scale relaxations occur near the cieg'® Experimental results by Ye and

193 Hatzikiriakos, S G; Kazatchkov, | B; VlassopouglBs Interfacial phenomena in the capillary extomsof
metallocene polyethylenes. J. Rheol. 1997;41:12391861

104 pfeiffer G, Gorda K R. J. Star-shaped condensatmymers: synthesis, characterization, and blenggrties. J.
Appl. Polym. Sci. 1993;50:1977-1983.

195 McLeish T C B, Milner S T. Entangled dynamics anelt flow of branched polymers. Adv. Polym. Sci.
1999;43:195-256.
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Sridhar corroborated this theory and relaxatioreinfior a concentrated solution of polystyrene
stars were 20 to 150 times greater than the retaxdimes predicted for linear chains by
reptation theory®® In addition, star polymer-polymer blend miscililivas highly influenced
due to the impenetrable core of the star from whtieharms diffuse outward’

As mentioned previously, the zero shear rate viscder linear polymers follows a
power law dependence above the critical molecutaght for entanglementd).. However, for
star-shaped polymers witiM,, greater thanM., the zero shear rate viscosity increases
exponentially with the weight average arm molecwaight’®® Fetterset al observed that the
value /i of a star-branched chain does not depend on thEMg, but only on the arm molecular
weight,M,. Thus, /1 is independent of the number of arms. Laterefe¢t al showed that the
ho of a 3-arm polyisoprene star was approximately 20%er than that of a 4-arm star of
equivalentM,, while forf > 4, the degree of functionality is saturated #relviscosity is only
dependent orM.'® These experimental results were consistent wigvipusly developed
theories that suggested 3-arm stars have an aglifioechanism of stress relaxation that stars of
higher functionality do not exhibtt® They proposed for 3-arm stars, an arm could ril¢he
branch point diffuses down one of the tubes. Theology of stars with higher degrees of

functionality was also studied. Pakukt al performed linear viscoelastic studies on

1% ye X, Sridhar T. Shear and extensional propedfdiree-arm star polystyrene solutions. Macromales:
2001;34:8270-8277.

197 Birshtein T M, Zhulina E B, Borsov O V. Temperattroncentration diagram for a solution of star-bhel
macromolecules. Polymer 1986;27:1078-1086.

1% Kraus G, Gruver J G. Rheological properties oftioéin polybutadienes J. Polym. Sci., Part A: RolChem.
1965;3:105-122.

199 Fetters L J, Kiss A D, Pearson D S. Rheologicablver of star-shaped polymers. Macromolecules.
1993;26:647-654.

10Klein J. Dynamics of entangled linear, branchew| eyclic polymers. Macromolecules. 1986;19:105-118

44



polybutadiene stars with a significantly larger menof arms than previously studi€d. The
authors observed a high frequency and low frequerstsgxation corresponding to chain
segmental motion and terminal response, respegtiiebure 2.8 shows stars with- 64 andf =
128 arms display an additional transition in thenieal flow range that is not present for stars
with f = 4 arms. This additional transition for starshwhigh degrees of functionality is
attributed to cooperative rearrangement of theoatdl or liquid like structures in the méft It
should be noted this additional relaxation would be applicable for randomly branched
polymer chains.

Since arm length controls the viscoelastic respdmsstars with a relatively few number
of arms, it is important to understand the rolebcdnch length in order to provide viscosity
enhancement. Kraus and Gruver observed for equexlalb molecular weight, a 3 arm star
polymer withM, = 10M. showed viscosity enhancement over the linear ari&fo However,
rheological studies performed on a series of asymen@oly(ethylenealt-propylene) stars
showed for that the criticéll, for viscosity enhancement was less thahld0Gell et al studied
a series of 3-arm asymmetric stars where two brdengths were kept constant and one was
varied, thereby providing a constant molecular Wweigackboné® The branch length ranged
from Mpy/Me = 0 to My/Me = 18, and was shorter than the backbone lenglfy/le = 38).
Deviation from linear chain behavior arig enhancement were observed fyM. ~ 2-3, with

considerably fewer entanglements per branch netb@edfor symmetric stars due to the nature

M pakula T, Vlassopoulos D, Fytas G, Roovers Jc8tra and dynamics of melts of multiarm polymersta
Macromolecules. 1998;31:8931-8940.

12 pakula T. Static and dynamic properties of compsitaulated melts of multiarm polymer stars. Comgirteor.
Polym. Sci. 1998;8:21-30.

13 Gell C B, Graessley W W, Efstratiadis V, Pitsikalil, Hadjichristidis N. Viscoelasticity and selffiision in
melts of entangled asymmetric star polymers. JyrR@ci. Part B: Polym. Phys. 1997;35:1943-1954.
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Figure 2.8. Frequency dependence of polybutaditars with (af = 4, (b)f = 64 and (cf =
128 arms. The vertical dashed lines correspondréggiencies associated with relaxation of the

chain segmentig) and arm @g), respectively [111].
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of the very long backbone compared to the branebtle Dorgaret al showed that viscosity
enhancement for 4 and 6-arm star poly(lactic aniturred at approximateMy/Me = 414 The
authors observed that the viscosity enhancemetarfag

G= hO,b(M)
h1o, (M)

(2.16)
increased more rapidly for the 6-arm versus themdstar as shown in Figure 2.9. In Eq.(2.16)
hop and fp, are the respective zero shear viscosities of bexh@nd linear chains of equal
molecular weight. This result is in disagreemenmhwheoretical treatments and experimental
results, which show viscosity to be only depenaenarm length, but independent of the number
of arms'® The discrepancy was attributed to a combinatibrpaydispersity, hydrogen
bonding effects between ester groups, and thewelashort arm lengths of the star polymers.
Claessoret al prepared star-shaped polyesters composed ofepcdyfolactone) (PCL)
initiated from hydroxy-functional hyperbranched esrend-capped with methacrylate ufifs.
The end groups served as a cross linking agenaitilization in powder coating applications.
Due to the narrow range of molecular weights stidiewas difficult to determine if the star
polymer exhibited exponential or power law behavibowever, the/y was an order of
magnitude lower compared to a linear polyestemoiaéM,,. Since thevl,, of the hyperbranched

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

shear rate melt viscosity for the PCL stars. T@& Btar polymers with methacrylate end groups

" Dorgan J R, Williams J S, Lewis D N. Melt rheajagf poly(lactic acid): entanglements and chairhiecture
effects. J. Rheol. 1999;43:1141-1155.

15 Milner S T, McLeish T C B. Parameter-free theasy $tress relaxation in star polymer melts. Macrimtales.
1997;30:2159-2166.

116 Claesson H, Malmstrom E, Johansson M, Hult, A.tBssis and characterization of star branched ptaEyesvith
dendritic cores and the effect of structural véwiag on zero shear rate viscosity. Polymer 2003531t-3518.
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were cured with ultraviolet (UV) light’ Gelation occurred within seconds of UV exposure
based on the crossover point of the storage mod@ysand the loss modulu&(). The time to
reach gelation increased linearly with the molecuweight of the star polymer since the

concentration of methacrylate end groups decreased.

H-shaped and comb-branched polymers

H-shaped architectures are considered the simpbest of a comb polymer, where
branching occurs only at the two ends of the barkbdAlthough, little work has focused on the
synthesis and rheological analysis of H-shapedgsbéys, many structure/property studies have
been performed on model H-shaped polymers. Thioseof the present review serves to
summarize work performed on model polymer systamghe results are applicable to polyester
architectures. Roovers studied the melt rheolofHeshaped polystyrene and observed a
decrease iy for the branched polymers compared to linear aysakd low molecular weight,
and an increase ifly at high molecular weights similar to star polyniefs Figure 2.10 shows
that the viscosity enhancement fac@r,ncreased faster for the H-shaped polymer thahdh
either 3 or 4 arm stars as a function of chain regleanent per branchMy/M¢). This was
attributed to an additional mode of relaxation tiee H cross-bar which is not present for star
polymers. Archer and Varshney corroborated thisaeselaxation mode for H-shaped or multi-

arm polybutadienes with three branches per chairt'€nThe authors observed a broader and

17 Claesson H, Malmstrom E, Johansson M, Hult A, Bdyil Manson J-A E. Rheological behavior during UV-
curing of a star-branched polyester. Prog. Orgti6gs. 2002;44:63-67.

18 Roovers J. Melt rheology of H-shaped polystyreiMacromolecules. 1984;17:1196-1200.

119 Archer L A, Varshney S K. Synthesis and relaxatignamics of multiarm polybutadiene melts.
Macromolecules. 1998;31:6348-6355.
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lower frequency transition to the terminal region the multi-arm polybutadiene compared to its
linear counterpart, which was attributed to an eased relaxation time of the cross-bar.
Moreover, they showed the terminal relaxation tiened /1 enhancement were primarily
controlled by the branch length whéf>M. and were relatively independent of the cross-bar
molecular weight. Houlet al. also studied the rheological behavior of pom-pgpetpolymers
with a much greater number of arnfis=(32)*2° They also observed the dominant mechanism of
terminal relaxation was arm relaxation. Howeveultrarm polymers withM, < M. did not
form entanglements, which was marked by power laWwalsior from the glass to the terminal
region, typical of Rouse-like motions. This is #anto the unentangled behavior of high
molecular weight hyperbranched polymers that relaxsegments that are smaller thaa™**
Although model star and pom-pom polymers were extety studied to determine the
influence of branching on rheological propertiesgstmcommercially produced polymers are
randomly branched. Interest in the rheologicalrati@rization of comb-branched chains may
bridge the gap between the behavior of model simnpers and randomly branched commercial
polymer. Nodeet al performed viscoelastic measurements with polgstgrcombs and showed
a lower /1y compared to linear polystyrene of eqval, but when compared at equivaldlt the
combs displayed viscosity enhancem@éft.Roovers and Graessley also performed rheological

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

120 Houli S, latrou H, Hadjichristidis N, VlassopoulDs Synthesis and viscoelastic properties of modehbbell
copolymers consisting of a polystyrene connectartamm 32-arm star polybutadiene. Macromolecules.
2002;35:6592-6597.

2L Simon P F Muller A H, Pakula T. Characterizatidrhighly branched poly(methyl methacrylate) by sinin
viscosity and viscoelastic spectroscopy. Macromdks: 2001;34;1677-1684.

122Noda I, Horikawa T, Kato T, Fujimoto T, Nagawasa$blution properties of comb-shaped polystyrenes.
Macromolecules. 1970;3:795-799.
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with approximately 30 branches per chain varyingvip from 6,500 to 98,000 g/mof® The
comb polystyrenes showed a reductiogrwhen compared to linear chains of the sémgeand
showed /1y enhancement when compared at equivalent intrivisicosity. Surprisingly, this
enhancement was not restricted to branch lengtloseall,, and the/p enhancement was
different for the combs with different moleculariglg backbones. However, the authors found
good agreement with the |dg- My/Me relationship for stars when the comb moleculargiei
was normalized by the average end-to-end comb mialeeveight Meg/Me). Danielset al
studied the linear rheological response of comimditad polybutadiene and varied the
molecular weight of the polymer backbone, the madkcweight of the arms, and the number of
arms'** The researchers reported the viscoelastic respaas dependent on the number of
arms for low frequencies. At short time scalee tomb polymers displayed Rouse-like
behavior similar to star polymers due to relaxawdrihe dangling chain ends. For a relatively
small number of arms, the comb polymers behavedasito H-shaped polymers, marked by
relaxation of the arms at intermediate frequenaigs reptative motion of the backbone at low
frequencies?® For a larger number of arms, the terminal regibowed a distinctly different
response for the comb compared to the H-shapedngolyas a larger number of relaxation
modes were available to the comb-branched polyleriad Roovers and Toporowski attributed

the broader low frequency relaxation to additioc@liplings between a branch and a backbone

123 Roovers J, Graessley W W. Melt rheology of somel@hoomb polystyrenes. Macromolecules. 1981;14:766-
773.

24 paniels D R, McLeish T C B, Crosby B J, Young RR¢rnyhough C M. Molecular rheology of comb polymer
melts. 1. Viscoelastic response. Macromolecule812%:7025-7033.

125 McLeish T C B, Allgaier J, Bick D K, Bishko G, Bigs P, Blackwell R, Biottiere B, Clarke N, Gibbs®roves

D J, Hakiki A, Heenan R K, Johnson J M, Kant R, d&RBaJ, Young R N. Dynamics of entangled H-polymers:
theory, rheology, and neutron scattering. Macromdkes. 1999;32:6734-6758.
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that are unavailable to star polym&%. Nambaet al showed that branch spacing in comb
polymers is important in their viscoelastic respoi§ They observed that highly branched
comb poly(methyl methacrylate), with approximatelye polystyrene branciM = 3450) per
repeat unit did not entangle, as a plateau regias mot observed for the storage modulus.
Although My<M, for the polystyrene branches, the backbone maeaméight was well above
M., so the lack of entanglements was attributed ¢échigh branch density of the comb polymer.
When the polystyrene macromonomer was copolymenadd methyl methacrylate to yield a
branch structure of approximately 3 branches pér rEpeat units, a clear plateau region was
observed in the dynamic shear modulus. Howevee, duthors did not address the
incompatibility issues between polystyrene and @oéthyl methacrylate) chains.

Tsukarharaet al. also observed fewer entanglement couplings fghlfiibranched combs
with a backbone molecular weight greater tihd&n The researchers calculatbti of a highly
branched poly(methyl methacrylate) comb from thatgdu region, whereM,<M., and
discoveredVl, was approximately 3 orders of magnitude largerttier highly branched PMMA
compared to linear PMMAZ® The authors attributed this to the increasedsesestional area of
the highly branched PMMA comb, which excluded ottieains from a unit volume and thereby
hindered entanglement couplings.

2.2.2b Flow Activation Energy

126 Roovers J, Toporowski P M. Relaxation by constregtease in combs and star-combs. Macromolecules.
1987;20:2300-2306.

12" Namba S, Tsukahara Y, Kaeriyama K, Okamoto K, Tiakhi M. Bulk properties of multioranched polystyee
from polystyrene macromonomers: rheological behaviBolymer. 2000;41:5165-5171.

128 Tsukahara V, Namba S, Iwasa J, Nakano Y, Kaeriyin¥akahashi M. Bulk properties of
poly(macromonomers) of increased backbone and bramgths. Macromolecules. 2001;34:2624-2629.
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The activation energy explains the temperature miggece of viscosity for as shown in

Eq (2.17),

hy(T) = Ay exp EaT (2.17)

R
where /iy is the zero shear rate viscosifyy is a pre-exponential factoE, is the activation
energy,R is the gas constant, aiids the temperature in K. Generally, Eq. (2.179n$y valid
for temperatures ca. 8@ above the polymer glass transitidig)(due to the exponential rise in
viscosity at temperatures near fig The value o, is independent of molecular weight and is
only dependent on the local segmental nature ofhiaén'*® Typical values for th&, are in the
range of 5 to 20 kcal/mol. In genertl increases with either chain stiffness or “bumpitie®
Consequently, the temperature dependence of vigcder branched polymers differs
significantly from the corresponding linear analogs particular, the rheological behavior of the
former shows a greater temperature dependencehaiscEy is enhanced. One of the most
outstanding examples is th&t depends on the degree of branching and branchhleng
polyethylene, as several researchers reportedyarlgs for low-density polyethylene compared
to high-density polyethylene. However, limited Wdras focused on the influence of branching
on E; in polyesters.

Munari et al. investigated the influence of long-chain branchamgthe flow activation
energy for a series of partially aromatic polyesteand found inconsistent results for the
different polyesters. They reported a 35 to 100%rdase inE, for a series of branched

poly(butylene terephthalate)s (PBT) compared tar theear analogs, however, only a slight

129 5evers E T. Rheology of Polymers, Reinhold, Newky ©962.

130 wilkes G L. An overview of the basic rheologicaHavior of polymer fluids with an emphasis on patym
melts. J. Chem. Ed. 1981,58:880-892.
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increase in th&, for branched PET compared to linear PET was oks€iv*' Moreover, no
enhancement i, was observed for branched poly(butylene isophtbpl@BIl) compared to
linear PBI**? The authors attributed these discrepancies trdifices inM, between the
branched polyesters and different temperature icosits of the repeat units. Graessley related
this inconsistent behavior to differences in thegerature coefficients of linear and branched
polymer melts*® This discrepancy arises when considering the rbgdehich entangled chains
relax. In particular, linear chains undergo raptgt while long chain branches relax by
retraction or short time-scale fluctuations alohg tube contour length of an arm. As an arm
relaxes, it must pass through a higher energydradtie to the more compact conformational
states that are dependent on the temperature aeeffiof the chain. In the cases where
differences in activation energy for linear andnutaed polymers are observed, the quaniigy,

= (E9)s — (E5)L, is often used to quantify the degreeEgfenhancement. The quantifE was

shown to exponentially increase with the numberenfanglements per brancM{M,), and

decrease to zero with decreasing branch letigth.

131 Munari A, Pezzin G, Pilati F, Manaresi P. Rheotedjicharacterization of highly branched poly(ethgle
terephthalate). Rheol. Acta. 1989;28:25-29.

132 Munari A, Pezzin G, Pilati F. Linear and brancipetl(butylene terephthalate): activation energyrfait flow.
Reol. Acta. 1990;20: 469-474.

133 Graessley W W. Effect of long branches on the &aipire dependence of viscoelastic properties lynpr
melts. Macromolecules. 1982;15:1164-1167.

134 Raju V R, Rachapudy H, Graessley W W. Propertigsnoorphous and Crystallizable Hydrocarbon Polymers

IV. Melt rheology of linear and star-branched hygknated polybutadiene. J Polym. Sci. Part B: PoRhys.
1979;17:1223-1235.

55



2.2.3 The influence of branching on solution rheology properties in the semtdiregime

The dilute solution properties of branched chains eonsistent with their reduced
hydrodynamic dimensions compared to linear polyntérequivalent molecular weight. The
properties of branched polymers in dilute solutimre discussed in some detail in Section 2.2.1.
In dilute solution, the polymer chains are widebparated from each other, and only the
interactions between two chains need to be cormiderAt a critical concentratiorG’, the
polymer chains begin to crowd each other and opdrasolution, andC > C* is termed the
semidilute regime. As the polymer chains overlafgachain interactions are screened at length
scales longer than the correlation length ( where the correlation length is defined as the
average distance between neighboring contactsgidintPolymer concentrations abo@ do
not indicate that entanglement couplings betweainshhave forme&® Consequently, in the
semidilute unentangled regime€,<C<C. (whereCe is the entanglement concentration), chain
overlap is not sufficient to topologically constrahe polymer chain motion. Abowe,, the
semidilute entangled regime, chain crowding andrpenetration is sufficient to constrain the
chain motion, and topological interactions domirgtteistances longer than the tube diantéter.
Limited rheological studies have shown that typic@l/C is in the range of 5 to 10 for neutral,

linear polymers?®’ Finally, as polymer concentration is increasethfer into the concentrated

%5 Boris D C, Colby R H. Rheology of sulfonated payysne solutions. Macromolecules. 1998;31:5746-5755

3 Dobrynin A V, Colby R H, Rubinstein M. Scaling tirg of polyelectrolyte solutions. Macromolecules.
1995;28:1859-1871.

137 Colby R H, Fetters L J, Funk W G, Graessley W Weds of concentration and thermodynamic intemactn
the viscoelastic properties of polymer solutiongdkbmolecules. 1991;24:3873-3882.
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regime, which is defined as the point where chaimedsions become independent of
concentration, the polymer coils are highly entadgind behave similar to a méf.
The entanglement concentration is experimentallgasared by analyzing the

concentration dependence of specific viscosity)(

S (2.18)

where /1y is the zero shear rate viscosity of the polyméutsan and/s is the solvent viscosity.
For neutral, linear polymers in a good solven~ C *%in the dilute regimefs,~ C *°in the
semidilute unentangled regimis,~ C > in the semidilute entangled regime as predictethby
reptation theory. Finally, the value dfs, generally shows a weaker dependence in the
concentrated regime compared to the semi-dilutenged regimé®’ For example, Colbgt al.
measured the onset of the semidilute unentangled semidilute entangled regime for an
aqueous solution of sodium hyaluranbte. Figure 2.11 showshe viscosity dependence of
concentration and the determination@fand C, from the change in slope. Takahashial
measuredh, for linear poly@-methylstyrene) in good, poor, ampsolvents and observed the
transition to the semidilute regime decreased wmithlecular weight as expected since larger
chains begin to overlap at lower concentrations amed to smaller chairtd® Moreover, the
authors reported that the transition was dependentsolvent quality. Other researchers

investigated théis—C relationship for linear poly-methylstyrene) in solvents of variable

138 Graessley W W. Polymer chain dimensions and thpeni#ence of viscoelastic properties on concentratio
molecular weight, and solvent power. Polymer. 198(258-262.

139 Krause W E, Bellomo E G, Colby R H. Rheology odiismn hyaluronate under physiological conditions.
Biomacromolecules. 2001;2:65-69.

140 Takahashi V, Isono Y, Noda I, Nagawasa M. Zeraashiscosity of linear polymer solutions over a aignge
of concentration. Macromolecules. 1985;18:1002-1008
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quality**! The investigators discovered that in dilute Sohs hsp was lower in poor solvents
compared to good solvents, while the opposite waesih entangled solutions. It was proposed
that the viscosity increase in the poor solvent atisbuted to enhanced entanglement couplings
due to relatively weak interactions between theirclsgments and the solvent. Moreover,
otherresearchers have observed a weaker concentrdgpendence for viscosity in the
semidilute entangled regime for a polymer in a geolvent compared to a polymer in a theta
solvent. Colby and Rubinstein described the depsrelef viscosity on solution concentration in
terms of a two-parameter scaling model for good qmedlvents:** The two length scales of
interest were th& and the tube diametea)( wherea is the length scale that describes the mesh
size of an entanglement network. The root mearmregand-to-end distancB, of a flexible
polymer chain is related to the numbbk, and lengthp, of Kuhn segments as shown in Eq.
(2.19).

R=DbN" (2.19)

The correlation length is relatedRoand the polymer concentration by Eq. (2.20).

x=R — (2.20)

For polymers in a good solvent, the correlationgtenand the tube diameter have the same
concentration dependena@er x ~ C°® while the two length scales have different cotregion

dependencies g solvents. The viscosity was determined from Ef2X), whereG is the

“I1sono Y, Nagawasa M. Solvent effects on rheoldgicaperties of polymer solutions. Macromolecules.
1980;13:862-867.

12 Colby R H, Rubinstein M. Two-parameter scalinggotymer in theta solvents. Macromolecules. 1992233-
2757.
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plateau modulust is the longest relaxation timés is the solvent viscosity, and. is the chain

length of an entanglement strand.

2 3
a N
e

h~Gt ~h,
X

(2.21)

For the case of a good solveat~x), substituting the dependenceMNyon concentration in Eq.

(2.21), gives the scaling result determined by dar@s-*?

3

h~h M 331 (2.22)
The concentration dependence of solution viscdsgiyomes 3.75 after substituting= 3/5 for
the good solvent case. For semi-dilute solutionad solvent,a ~ C%®” andx ~ C*, and Eq.
(2.21) becomes,

h~h~hM3c*’ (2.23)
Thus, due to the different concentration dependsnof the tube diameter and the correlation
length in ag solvent, the resulting concentration dependenagscbsity is greater than the good
solvent case.

Our discussion of concentration dependencéspfand the determination & andC,
has focused on linear chains to this point. Ngbssingly, at equal molecular weights, branched
chains show different behavior in solution compa@dinear chains. Generally, as shown in
Figure 2.12, a branched polymer exhibits a higharlap concentration compared to a linear
polymer of equalM, since the branch points act as obstacles to cimémpenetratiod**

Sendijarevicet al. studied the effect of branching of AB/ABtherimide copolymer solutions on

143 de Gennes . Scaling concepts in polymer phys@&#9.1
144 Burchard W. Solution properties of branched maaiecules. Adv. Polym. Sci. 1999:143:111-194.
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solution rheology properti¢d®> The authors observed a weaker concentration deper off,

in the semidilute entangled regime for more highhanched structures. As the copolymer
composition was varied from 0 to 100 mol% ABorresponding to linear and hyperbranched
architectures, respectively, the exponent decrefised12.5 to 4.7, attributed to a larger number
of entanglements per chain in the linear copolymeMoreover, the overlap concentration
increased with higher levels of branching. Sintyiasolution rheology studies with linear and
randomly branched poly(ethylene terephthatai@thylene isophthalate) (PECB-PEI) showed

a weaker/s, vs. C dependence for branched copolyesters compareihdar Icopolyesters of
similar molecular weight*® Furthermore, branching dramatically influenced tmset of the

entanglement regime, & increased from 4.5 to 10 wt % gidor PET-co-PEI decreased from

145 sendijarevic 1, Liberature M W, McHugh A J. Effaftbranching on the rheological properties of tohs of
aromatic etherimide copolymers. J. Rheol. 2001 24511258.

146 McKee M G, Wilkes G L, Colby R H, Long, T E. Colations of solution rheology with electrospun fiber
formation of linear and branched polyesters. Maaiecules. 2004;37:1760-1767.
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Figure 2.12. lllustration of a branched chaintia semidilute regime> C).
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1.0 to 0.43. In a related study, Juliani and Arcsieidied the rheology of unentangled and
entangled A-A-A3z multi-arm polybutadiene solutions with equivaléranch molecular weights
and variable backbone molecular weigfs The investigators reporte2} decreased from 22 to
8 vol% as the molecular weight of the cross-bar waseased by ~30% allowing a larger

number of entanglements per chain for the highdeoutar weight crossbar.

2.2.4. Influence of Branching on Thermal Properties of Polyesters

The incorporation of branching into polymers dréoadly influences the thermal
properties, such as the melting temperatidig (f molecular symmetry allows crystallization,
glass transition temperaturég), degree and rate of crystallization, and theroggnt transition
temperature T;) for liquid crystalline polymers. Short-chain bches affect solid-state
properties and limit chain crystallization, whileng chain branches generally enharigeand
provide shear thinning with longer relaxation timeBor high performance applications, long
chain branching is utilized to control the rheot@jiand processing properties, while short chain
branching influences thermal behavior and mechapicgperties. Often, short chain branching
is introduced to reduce the melting transition aadsequently improve the melt processibilty of
a polymer.

It should be noted that for step-growth polymerss ibften difficult to separate effects
from comonomer incorporation and branching on tlarproperties. For example, generally
branched polyester synthesis utilizes a comononitr fenctionality greater than two that is
added to the polymerization to yield a branchedcsiire. Moreover, thermal transitions and

crystallization behavior are dependent on both gwnwer composition and degree of SCB or

147 Juliani, Archer L A. Relaxation dynamics of entlijand unentangled multiarm polymer solutions:egxpent.
Macromolecules. 2002;35:6953-6960.
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LCB. Consequently, due to the nature of randomdireng in polyesters chemical composition

and degree of SCB or LCB must be accounted for.

2.2.4a Glass Transition

The glass transition temperaturg)( is the temperature at which a polymer chain
possesses sufficient thermal energy that cooperasrgmental motion of the backbone occurs.
Below theTy, the polymer lacks mobility, but maintains theoddered state of the melt. As an
amorphous polymer is cooled from the melt its vekime decreases since the thermal energy
for chain mobility decreases. Thg occurs, once the free volume shrinks such thgpeaive
motion of the backbone is prohibited. Thus, anyaldes that influence the polymer’s fractional
free volume can affect thig. Some examples include, chemical compositionemdéar weight,
crystallinity, addition of plasticizer, and chaopblogy.

The glass transition temperature for random copelgmvaries with the chemical
composition by the Fox Equation,

1 _w, +1- W,
T, T,a T

(2.22)

9.B

wherew, andwg are the respective weight fractions of monomeend B in the copolymer, and
Tyga and Ty are the homopolymer glass transition temperaturBsus, theTy of a randomly
branched polyester is a function of the multi-fumical f >2) branching agent composition, and
must be considered when addressing the influenbeasiching onfy. As a specific example of
this issue, Jayakannan and Ramakrishnan attemptesefarate the effects of copolymer

composition and branching by synthesizing a seakdinear, kinked, and branched PET
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samples*® Figure 2.13 shows the structures of the threesP®here the kinked PET has a
linear architecture but contains the same 1,3 adivily as the branched PET. Figure 2.14
shows thely of PET was unaffected by either the 1,3 conndgtier the branches at a range of
compositions. In addition to PET, the independeoftd@, with branching was observed for
poly(butylene isophthalatéf?

Another important issue with investigating thduehce of chain architecture on the glass
transition temperature is separating the effectshoft chain branches and long chains branches.
In the current literature there is a lack of stowetproperty relationships for well-defined
polyesters with known compositions of short chaid &ong chain branches. However, thermal
studies performed on short chain branched pedykyl methacrylates) with varying alkyl chain
length can be applied to polyesters. As the lemftthe alkyl side chain is increased from 1
carbon in poly(methyl methacrylate) to 12 carbonspboly(dodecyl methacrylate), th&,
systematically decreased by ca. 1®D'*° Reductions inTy have been clearly correlated to
increasing fractional free volume with alkyl length Unlike, the polyg-alkyl methacrylates)
with a side chain on every repeat unit of the bacdlh a series of short chain branched aliphatic
polyesters with varying compositions of SCB werelgd>! TheTjy of poly(butylene succinate)

(PBS) with ethyl,n-hexenyl, and octyl branches systematically deexkasith the degree of

148 Jayakannan M, Ramakrishnan S. Synthesis and thamalysis of branched and kinked poly(ethylene
terephthalate). J. Polym. Sci. Part A: Polym. Ch£8®8;36:309-317.

19 Finelli L, Lotti N, Munari A. Influence of branchg on the thermal behavior of poly(butylene isopkite). J
Appl. Polym. Sci. 2002;84:2001-2010.

%0 Everaerts A |, Clemens L M. Pressure sensitivesitis. 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, YoahS. Synthesis and properties of poly(butyleneisate)
with n-hexenyl side branches. J. Appl. Polym. 8601;81:2219-2226
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SCB. Yoonet al also showed a similar decreaseTjwith short chain branching content in

poly(ethylene adipate) and other aliphatic polyest&®

152 Jin H-J, Park J-K, Park K-H, Kim M-L, Yoon J-S.dperties of aliphatic polyesters with n-paraffiside
branches. J. Appl. Polym. Sci. 2000;77:547-555
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Up to this point, only the role of SCB dig has been discussed. If molecular symmetry
exists and the side chains are long enough to ost-chain crystallization may occur which
increases th&,."™>* This phenomenon is due to organization and paadrihe side chains into a
rigid crystalline structure. Greenberg and Alfrdyserved side chain crystallization for a series
of poly(n-alkyl methacrylates) and polyalkyl acrylates) withn-alkyl groups from 12 to 18
carbons lond>* The side chain crystalline domains serve to igsthain segment mobility in
the amorphous region, which subsequently broadend Eenises the glass transition
temperaturé>™ The crystalline regions act as physical crossslinvhere chains from the
amorphous region are physically tied to the crgstalFurther discussion of side chain
crystallization is addressed in the next section.

Although the role of comonomer content and shioatic branches oy has been studied
for poly(n-alkyl methacrylates) and alkyl substituted rigiolymers, little work has focused on
how these variables influence the thermal propemiesemi-flexible polyesters®*®’ Careful
studies on well-defined branched polyesters is @@ed fill this gap in the literature.

6.2.4b Melting Behavior and Quiescent CrystallizatiGrowth

Polymer chains that contain a molecular symmetpyclly crystallize under appropriate

conditions. The crystalline content of polymersalways less than 100% and the crystalline

33| ee J L, Pearce E M, Kwel T K. Side-chain crystalion in alkyl substituted semiflexible polymer.
Macromolecules. 1997;30:6877-6883.

154 Greenberg S A, Alfrey T. Side chain crystallizatiof n-alkyl polymethacrylates and polyacrylatesiih.
Chem. Soc. 1954:76:6280-6285.

1% Nogales A, Ezquerra T A, Batallan F, Frick B, Log@abarcos E, Balta-Calleja F J. Restricted dynamic
poly(ether ether ketone) as revealed by incohareasielastic neutron scattering and broad-banéatiét
spectroscopy. Macromolecules: 1999:32:2301-2308.

136 Kricheldorf J H, Domschke A. Layer structuresP8ly(hydroquinone-terephthalate)s with one, twofoor
alkyl substituents: Thermotropic and isotropiddigpds. Macromolecules. 1996;29:1337-1344.

157 Kricheldorf J H, Domschke A. Layer structuresPbly(phenylene-terephthalate)s derived from modie;and
tetrakis(alkylthio)terephthalic acids. Macromolexsil 1994;27:1509-1516.
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regions exist either as a matrix containing the gmous domains or within in an amorphous
matrix’®® The individual crystals usually are preferenyiabmprised of folded chain lamellae,
which are approximately 10 nm thick with polymeranis folded back on themselves.
Amorphous tie chains interconnect the lamellae wfich other, and lamellae structures that
align radially form a spherulitic morphology’

In quiescent crystallization, crystal growth prateefrom a nucleation process.
Nucleation can occur due to random fluctuationsamaicromolecules that result in favorable
alignment of the polymer chains called homogenaau@eation. Nucleation more commonly
occurs at the interface of a second phase, whiderimed heterogeneous nucleation. For a
symmetric polymer that can crystallize, crystalii@ga growth occurs at a temperature between
TyandTn. AboveTy, crystalline regions melt, and beldly the chain does not possess sufficient
segmental mobility to undergo nucleation. Consatiye Tn-Ty defines the window for
crystallization for chains with a single meltingutsition, and polymers with broader windows
generally crystallize more readily. For exampieeér polyethylene that has a highly symmetric
backbone and crystallizes very rapidly hak.aly of approximately 140C, while bisphenol-A
polycarbonate, a polymer very slow to crystallizas a window of only ca. 10C.

Long-chain branching does not have a large inflaean theT, while short chain
branches often depress tlgdue to increases in free volume as discussedeiiast section.
However, both SCB and LCB have a significant eftacthe level of crystallinity and crystalline
melting. For example, side chain branching in (elglefin) homopolymers influences$,,

through entropic considerations. Tihg increases as the side chain increases from 0 rc&rbo

138 Mandelkern L. Crystallization of polymers. VolurhéEquilibrium concepts. Cambridge University Pr&)2.

159 van Krevelen. Crystallinity of polymers and theams to influence the crystallization process. Caimi
1978;32:279-294.
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(polyethylene) to 1 carbon (polypropylene) due teris crowding of the backbone from the
methyl group which influences the chain confornmaiio the melt:®® As the linear side chain is
increased further from 1 carbon to 4 carbons lbimg,melting transition decreases. In this case
the longer side chains have increased flexibilitgréby allowing a larger number of chain
conformations in the melt, which results in a depren ofT,,. TheT, reaches a minimum at a
branch length of 4 carbons and then increases afysno ordering and crystallization of the
side chains® In fact, as the branch length is greatly extentetholecular weights abowd,
(LCBSs), crystallization of the branch usually octur

Up to this point the discussion has focused onadm short-chain branched
homopolymers, which contained a branch on evergaepnit. However, often SCBs are
introduced into a polymer backbone in a randomifashy copolymerization. The most widely
studied and classic example is linear low-densityygthylene (LLDPE). Copolymerizing
ethylene with 1-butene, 1-hexene, or 1l-octene t®sol LLDPE with branches of 2, 4, or 6
carbons respectively. Alamat al reported a decrease T, with SCB content for a series of
ethylene copolymers due to disruption of local ohaymmetry*®> However, the authors
observedTl,, was independent of the comonomer type, which stgdehe three branch lengths
were equally effective at disrupting crystallinggd did not become incorporated into the lattice.
It is important to note that for the case of branghn polyesters it becomes more difficult to
separate effects of branching and comonomer incatipo onT, and crystallization growth

since a multi-functional comonomer X 2) is used to induce branching. Moreover, indgp

180 Mandelkern L. Crystallization of polymers. VolurheéEquilibrium concepts. Cambridge University Pr&)2.

¥ Trafara, G, Koch R, Blum K, Hummel D. Main-chaindaside-chain crystallinities of isotactic poly(1-
alkylethylene)s. 1. Thermoanalysis and x-ray diffien of the higher homologues. Makromol. Chem.
1976;177:1089-1095.

162 Alamo R G, Viers B D, Mandelkern L. Phase struetof random ethylene copolymers: A study of counit
content and molecular weight as independent vasallacromolecules. 1993;26:5740-5747.
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step-growth polymerizations it is very difficult tietermine exact branch length or even branch
type (SCB vs. LCB).

The role of comonomer incorporation, chain extemsamd crosslinking of linear PETs to
tailor the crystallization kinetics has been exiezly studied:®*'°*1%> Several researchers have
also explored the role of branching on thermalditétons and crystallization kinetics of PET and

other polyesters.26:167:168

In general, a depression and broadening@,ptoupled with lower

degrees of crystallinity was observed with incregsbranching content due to disruption of
chain symmetry. However, the polyesters were nall vdefined and there was no
characterization of branch length or branch typeConsequently, careful thermal and

crystallization studies performed on branched il with controlled branch placement and

branch length would be a valuable contributiorhis area.

6.4 Controlling the biodegradation of aliphatic polyest through branching
Biodegradable polyesters are utilized in environtaleplastics and biomedical applications.

In particular, aliphatic polyesters based on laaticl and/or glycolic acid are used for controlled

183 Jones J R, Liotta C L, Collard D M Schiraldi D @toss-linking and modification of poly(ethyleneaphthalate-
co-2,6-anthracenedicarboxylate) by diels-aldertieas with maleimides. Macromolecules. 1999;32:53862.

164 Conner D M, Allen S D, Collard D M, Liotta C L, Bicaldi D A. Effect of linear comonomers on theeraf
crystallization of copolyesters. J Appl Polym S001;80:2696-2704.

1%5Ma H, Vargas M, Collard D M, Kumar S, SchiraldifD Crosslinking studies on poly(ethylene terephateico-
1,4-phenylene bisacrylate). J Appl Polym Sci. 2004t698-1702.

%6 Rosu R F, Shanks S N, Bhattacharya N. Synthesislaaracterization of branched poly(ethylene tetregihte).
Polym. Int. 1997;42:267-273.

187 Ramakrishnan S, Jayakannan M. Effect of branchinthe crystallization kinetics of poly(ethylene
terephthalate). J. Appl. Polym. S&B99;74:59-66.

188 Jabarin S A. Crystallization kinetics of polyetéiye terephthalate. 1l. Dynamic crystallization &TR J. Appl.
Polym. Sci. 1987, 34, 97.
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drug delivery release, surgical sutures, prostbetind bone screw&’ The biodegradability of a
polymer chain is dependent on the backbone strietnd chemical compositidf® The rate of
aliphatic polyester degradation is largely influeddoy the hydrophilicity of the repeat unit,
molecular weight, crystallinity, and the polymewvganment'’* As discussed in the last section,
short chain and long chain branching greatly affhet crystalline content of aromatic and
aliphatic polyesters. Much research has focusedtadored biodegradation by means of
manipulating polyester chain architecture.

The introduction of low amounts of comb shaped onas and hydrophilic units
significantly decreased the crystallinity of polyictide) (PLLA)!"? Kim et al studied the
biodegradation of unorientedoctyl and ethyl branched PEA and PBS.1t was observed that
degradation rates were fastest feoctyl branched PEA, while rates were relativelgwatr for
both ethyl andh-octyl branched PBS due to reduced crystallinitythef former. Tasakat al
synthesized various comb-shaped poly(L-lactide)th wdifferent architectures for controlled
degradation for potential biomedical applicatioffs. Figure 2.15 shows a schematic of the

PLLA combs with varying backbone molecular weigltn molecular weight, and number of

arms. The researchers observed the degradatewaatnot only dependent on the percent

189 Albertsson A-C, Varma | K. Aliphatic Polyestergnthesis, properties, and applications. Adv. PolSai.

2002;157:1-40.

10y oshikawa K, Ofuji N, Imaizumi M, Moteki Y, Fujima T. Molecular weight distribution and branched
structure of biodegradable aliphatic polyestergmgined by s.e.c.-MALLS. Polymer. 1996;7:1281-1284.

1 John G, Tsuda S, Morita M. Synthesis and modificeof new biodegradable copolymers: serine/glycatid
based copolymers. J. Polym. Sci. Part A: Polym.ntHe97;35:1901-1907.

172 Tasaka F, Miyazaki H, Ohya Y, Ouchi T. Synthegisamb-type biodegradable polylactide through
depsipeptide-lactide copolymer containing serirsgdiges. 1999. Macromolecules. 32:6386-6389

13 Kim M-N, Kim-K-H, Jin H-H, Park J-K, Yoon J-S. Bitegradability of ethyl and n-octyl branched poliggééne
adipate) and poly(butylene succinate). E. Polyrd001;37:1843-1847

"4 Tasaka F, Ohya Y, Ouchi T. Synthesis of novel cayple polylactide and its biodegradability. Macrdewules.
2001,;34:5494-5500.
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crystallinity, but also the molecular architecturédmong the three different combs shown in
Figure 2.15 the degradation rate increased sigmfig with the number of arms. It should be
noted that crystalline content decreased from 220%44.6 % (as measured by DSC) with
increasing number of arms, which would influence BLLA degradation as well.

For the controlled delivery of bioactive agents,idt often ideal to have uniform,
continuous release patteri. Typically, drug release of peptides and protefioen linear
polyesters vyields discontinuous release profilés.Generally, proteins are impregnated into
polyester microspheres through a emulsion techrdifueResearchers have modified aliphatic
polyesters by introducing hydrophilic groups andnwh points to circumvent the discontinuous
release profile$’® Breitenbach, Li, and Kissel reported the dependef degradation kinetics
and drug release patterns on the branching artiniéeérom a series of star copolymers with
polyethylene oxide (PEO) inner block and eitherLa& or poly(lactic-co-glycolic acid) (PLG)
outer block!”® Both of the block star copolymers showed a maifotm release of an antibiotic
during its degradation compared to linear PEO-Pldamdl PEO-PLG block copolymers. The
improved release profile was attributed to the ceducrystallinity of the star block copolymers.
Figure 2.16 compares the release of dextran froanaspheres prepared from linear and 4-arm

star poly(glycolic acids-ethylene oxide). This uniform antibiotic releasas attributed to

175 Weinhold A, Gurny R. Controlled and/or prolongesicery of peptides from the hypothalamic pituitais.
Eur. J. Pharm. Biopharm. 1997;43:115-131.

178 Bodmer D, Kissel T, Traeschslin E. Factors infkiag the release of peptides and proteins fromesjoatable
parenteral depot systems. J. Control Release. 29929-138.

M Kissel T, Li Y X, Volland C, Gorich S, Koneberg Rarenteral protein delivery systems using bioddmjske
ABA-block copolymers. J. Control. Release. 1996339:326.

178 Breitenbach A, Kissel T. Biodegradable comb pdiges part 1. Synthesis, characterization, and:stral
analysis o poly(lactide) and poly(lactide-co-glyde) grafted onto water-soluble poly(vinyl alcoha$j backbone.

Polymer 1998;39:3261-3271

179 Breitenbach A, Li Y X, Kissel T. Branched biodegghle polyesters for parenteral drug delivery syste)
Control Release. 2000;64:168-178.
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slower initial degradation of the PEO blocks duethe larger number of connecting bonds
between PEO and PLG. Moreover, comb-branched gigige with PLG arms grafted onto a

hydrophilic, polyelectrolyte backbone also showetanced delivery profiles.

2.2.5. Summary and Future Directions

This review outlined the influence of molecular hatecture on the properties of
polyesters, with the emphasis on both the effedhairt and long chain branching on the melt
rheological, thermal, and crystallization behaviorA detailed summary of step-growth
polymerization methodologies to synthesize randobrgnched polyesters was provided. In
particular, controlling the ratio of mono-functidna multi-functional { > 2) monomers provides
the ability to form high molecular weight, long-ahdranched polyesters without gelation. The
advantages and disadvantages of various analyticthods to determine the degree of
branching and the branch molecular weighl,, were reviewed, including dilute solution
methods, end-group analysis, and spectroscopiaitpeds. The majority of the review focused
on the melt and solution rheological behavior anduded some features of the solid-state
properties of both branched and linear polyeste®hort-chain branches affect solid-state
properties and limit chain crystallization, whitnb chain branches$/, > M) generally enhance
ho and provide early shear thinning onset due to donglaxation times in the melt and
concentrated solutions. For high performance agptins, long chain branching is utilized to
control the rheological and processing propertigsle short chain branching influences thermal
behavior and mechanical propertigghile the majority of this outline focused on thathesis,
rheological and solid-state properties of brancpelyesters, some very limited discussion was

devoted to the influence of branching on fiber fation and controlled biodegradation for drug-
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delivery applications. As mentioned previouslyt/diwork has been performed on how SCB or
LCB in polyesters affects thermal behavior. Thaaseful studies need to be performed on well-
defined branched polyesters, where the branch Heagtl branching composition are known

exactly.
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Chapter 3. Correlations of Solution Rheology and Ectrospun Fiber

Formation for Linear and Branched Polyesters

(McKee M G, Wilkes G L, Colby R H, Long T Blacromolecule00437:1760-1767)

3.1 Abstract

The effect of the entanglement concentratiGg ©n the electrospinning process for a
series of linear and branched poly(ethylene tetepate-co-ethylene isophthalate) (PET-co-PEI)
copolymers with weight average molar mask, X ranging from 11,700 g/mol to 106,000 g/mol
and branching index valueg’) from 1.0 to 0.43 were investigated. Analyzirig tdependence
of specific viscosity fs;) on concentration enabled the determination of s$eeni-dilute
unentangled and semi-dilute entangled regimes tier RETeo-PEI solutions. Linear and
branched copolymers were electrospun from semtedilmentangled, semi-dilute entangled, and
concentrated solutions under identical conditioosdetermine the effects of concentration
regime and molecular topology on electrospun finerphology. The dependence of the fiber
diameter and morphology on the zero shear rateosiisc (/ip)) and normalized concentration
(CICe) were determined. For copolyesters with molar seaswell above the entanglement
molecular weightCe was the minimum concentration required for elesgnoning of beaded
fibers, while 2 to 2.5 time€, was the minimum concentration required for elesgnoning of
uniform, bead-free fibers. When the concentratias normalized witlCe, the influence of
chain length and topology on the electrospinningcess was removed, and the fiber diameter

universally scaled with the normalized concentratmthe 2.7 power.
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3.2 Introduction

Traditionally, polymer fibers are spun using pressdriven flow through an extruder,
which yield fibers on the order of 10-1@@n in diameter. The electrospinning process uslize
an electrostatic potential to create sub-microe filzers on the order of 100 nm in diamét&r.

181 Electrospinning occurs when a charged polymer ti&sluor melt, possessing sufficient
molecular entanglements, emits a charged fluidnethe presence of an electric field. The
charged jet follows a chaotic trajectory of strétghand splaying until it reaches its grounded
target, thereby completing the circuit. A chargkdplet of solution suspended at the end of a
capillary deforms into a conical shape, or Taylone&, when subjected to a Coulumbic fot¥e.
The Taylor cone is formed due to a balancing ofrépulsive nature of the charge distribution
on the droplet’s surface and the surface tensighefiquid'®® As the charge is increased above
a critical voltage, a stable jet is discharged ftbmtip of the Taylor cone.

A jet of low molecular fluid breaks up into smaltoplets, a phenomenon termed
electrospraying, while a polymer solution with sti#nt chain overlap and entanglements does
not break up, but undergoes a bending instabilit tauses a whip-like motion between the
capillary tip and the grounded tard&. Researchers investigated the instabilities of the

electrically forced jet and developed a model thelates the dependence of the bending

180 Reneker D H, Chun I. Nanometre diameter fiberpaifymer, produced by electrospinning. Nanotechnplog
1996;7:216-223

181 Deitzel J M, Kleinmeyer D, Harris D, Beck Tan N The effect of processing variables on the morpiplaf
electrospun nanofibers and textiles. Polymer. 2A0261-272.

182 Taylor, G.l.Proceedings of the Royal Society of London, SériE869 313, 453

183 Reneker D H, Yarin A L, Fong H, Koombhongse S. dirg instability of electrically charged liquid gebf
polymer solutions in electrospinning. J. Appl. PH3800;87:4531-4547.

¥%ohman M M, Shin M, Rutledge G, Brenner M P. Elesfrinning and electrically forced jets. 1. Stabithieory.
Phys. Fluids2001;13:2201-2220..
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instability on the electric field and solution floate®* It is this bending instability that accounts
for the high degree of single fiber drawing, whigsults in submicron size fibers. The small
fiber size and disordered deposition onto the giedn target yield non-woven, three-
dimensional, fiber mats with a high specific suefarea, and a sub-micron degree of pord&ity.
The unique fibers are suitable as filtration desjcenembranes, vascular grafts, protective
clothing, and tissue scaffolding applicatidfis'®3'%° Recently, simultaneous electrospinning of
two polymer solutions yielded bicomponent submicfibers that possessed properties of each
of the polymer component&’

The effects of processing variables including aggpholtage, tip to target distance, and
the feed rate of the solution to the capillary dipd solution properties like solvent, viscosity,
concentration, conductivity, and surface tension eectrospun fiber morphology were

extensively investigated for a variety of polymesiestems ' |t has been shown for many

185 Shin Y M, Hohman M M, Brenner M P, Rutledge G GipErimental characterization of electrospinninge th
electrically forced jet and instabilities. Polym2601;42:9955-9967

18Deitzel J M, Kosik W, McKnight, S H, Beck Tan N Besimone J M, Crette S. Electrospinning of polymer
nanofibers with specific surface chemistry. Poly@@02;43:1025-1029.

187 Grafe T, Graham K. Polymeric nanofibers and ndmew§ webs: a new class of nonwovens. Nonwoven
Technology Review2003;51-55.

188 enawy E-R, Layman J M, Watkins J R, Bowlin, G Latthews J A, Simpson D G, Wnek GHectrospinning
of poly(ethylene-co-vinyl alcohol) fibers. Biomaitds. 2003;24:907-913.

¥Matthews J A, Wnek G W, Simpson D G, Bowlin G L.eé&tospinning of collagen nanofibers.
Biomacromolecules. 2002;3:232-238.

1% Gupta P, Wilkes G L. Some investigations on theerfiformation by utilizing a side-by-side bicomponhe
electrospinning approach. Polym#003;44:6353-6359.

¥Megelski S, Stephens J S, Chase D B, RaboltMiéto and nanostructured surface morphology ontedepun
polymer fibers. Macromolecules. 2002;35:8456-8467.

21 ee KH, KimHY, LaY M, Lee D R, Sung N H. Inflmce of mixing solvent with tetrahydrofuran and N,N

dimethylformamide on electrospun poly(vinyl chl@)dnonwoven mats. J. Polym. Sci. Part B: Polym.sPhy
2002;40:2259-2268.
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polymer/solvent systems, that increasing the smlutioncentration or viscosity decreases the
number of bead defects and increases the ovebalt fliameter of the electrospun fib&ts.
Moreover, researchers have electrospun polymetigptuwith varying concentration resulting
in viscosities that ranged over an order of magi@tiand reported the resulting fiber
structure'**1*However, more detailed investigations of the dejpee of fiber morphology on
solution rheological behavior in the literature act reported. For instance, the influence of the
entanglement concentratiol© for a given polymer/solvent system on the elesgnoning
process is lacking.

Colby et. al measured the concentration dependence of vigcotiinear polymers in
good solvents, and identified four different cortcation regimes including the dilute, semi-
dilute unentangled, semi-dilute entangled, and eotrated regimeS?!®” The entanglement
concentration,C,, is the boundary between the semi-dilute unenémhgland semi-dilute
entangled regimes, and is defined as the poinhathasignificant overlap of the polymer chains
topologically constrain the chain motion, causimgaeglement couplings® Because of their
higher segment density, branched polymers posssswmber hydrodynamic volume than linear

polymers of equivalent molecular weight, and consedjy have a largeC. compared to linear

193 Fong H, Chun |, Reneker D H. Beaded nanofibensiéat during electrospinningolymer 1999:40:4585-4592.

194 7ong X, Kim K, Fang D, Ran S, Hsiao B S, Chu BuSture and process relationship of electrospun
bioabsorbable nanofibers membranes. Polymer 200t@3-4412.

19 Jun Z, Hou H, Schaper A, Wendroff J H, GreinePAly-L-lactide nanofibers by electrospinning — irgfhce of
solution viscosity and electrical conductivity aber diameter and fiber morphology. e-Polymers 2[%8N 1618-
7229

1% Colby R H, Fetters L J, Funk W G, Graessley W WedEs of concentration and thermodynamic intemacn
the viscoelastic properties of polymer solutiongdkbmolecules. 1991;24:3873-3882.

¥Krause W E, Bellomo E G, Colby R H. Rheology of isod hyaluronate under physiological conditions.
Biomacromolecules. 2001;2:65-69..

1%Graessley W W. Polymer chain dimensions and theemf#gnce of viscoelastic properties on concentration
molecular weight, and solvent power. Polymer. 198(258-262.
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chains!® As concentration is increased into the concesdraegime € ), polymer chain
entanglements dominate the flow behavior, and tl@ncdimensions become independent of
concentration.

Our objective is to identify the semi-dilute entlethconcentration regime for a series of
linear and randomly branched, partially aromatitygsters and to determine the influenceCef
on the electrospinning process. Herein, empirieationships of solution rheology and
electrospun fiber formation for a series of lin@ad branched poly(ethylene terephthalate-co-
ethylene isophthalate) (PECB-PEI) copolymers are presented. The synthesisasfdhed and

functional polyesters has received significantrait® in our laboratorie&’ 291292

3.3 Experimental
3.3.1 Materials

Dimethyl terephthalate (DMT), dimethyl isophthaléiMI), ethylene glycol, trimellitic
anhydride (TMA), trimethyl 1,3,5-benzene tricarbtatg (1,3,5-TMT), and trimethyl 1,2,4-
benzene tricarboxylate (1,2,4-TMT) were purchasemnfthe Aldrich Chemical Company.
Chloroform (CHC}) and dimethyl formamide (DMF), were purchased fidWR. All reagents

and solvents were used as received without fughgfication.

9%Burchard W. Solution properties of branched mactiemdes. Adv. Polym. Sci. 1999;143:111-194.

20 in Q, Unal S, Fornof A R, Yuping W, Li H, Aremenut S R, Long TE. Synthesis and characterizatibn o
poly(ethylene glycol) methyl ether endcapped palyfiene terephthalate). Macromol. Syr2003;199:163-172.

21 Kang H, Lin Q, Armentrout S R, Long T E. Synthesisd characterization of telechelic poly(ethylene
terephthalate) sodiosulfonate ionomers. Macronubdsc2002;35:8738-8744.

22| in Q, Pasatta J, Wang Z-H, Ratta V, Wilkes G bpfy T E. Synthesis and characterization of sutihéiquid
crystalline polyesters. Polym. 11#002;51:540-546.
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3.3.2 Electrospinning Schematic

The polyesters were dissolved in a 70/30 w/w mitaf CHCEDMF at various
concentrations and placed in a 20 mL syringe, whigls mounted in a syringe pump (KD
Scientific Inc, New Hope, PA). The positive leadlaohigh voltage power supply (Spellman
CZE1000R; Spellman High Voltage Electronics Corfiorg was connected to the 18-gauge
needle of the syringe via an alligator clip. A gnded, metal target (304-stainless steel mesh
screen) was placed 24 cm from the tip of the sgingedle. The syringe pump delivered the
polymer solution at a controlled flowrate of 3 mLikhile the voltage was kept constant at 18
kV.
3.3.3 Characterization

Molecular masses were determined at@0n chloroform (HPLC grade) at 1 mL niin
using polystyrene standards on a Waters SEC eqilipfté 3 in-line PLgel 5vm MIXED-C
columns with an autosampler, a 410 RI detector,sztdfek 270 dual detector and an in-line
Wyatt Technologies miniDawn multiple angle lasgghti scattering (MALLS) detector. All
samples were dissolved in CH@Ind analyzed at 4. *H NMR spectroscopy was performed
on a Varian Unity 400 spectrometer at 400 MHz inGIY Solution rheology was performed
with a VOR Bohlin strain-controlled solution rhed®e at 25+ 0.2 °C using a concentric
cylinder geometry. Differential scanning caloringg DSC) was performed with a Perkin Elmer
Pyris 1 DSC at a heating rate of 4D min™ after quenching from 298C at room temperature
under nitrogen. Electrospun fiber diameter andphology were analyzed using a Ced550
field emission scanning electron microscope (FEREMFibers for FESEM analysis were
collected on a 1/4” X 1/4” stainless steel meshunted 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% exced#isylene glycol were added to
a 250 mL round-bottomed flask equipped with a meda agitator. 1,3,5-TMT, 1,2,4-TMT or
TMA (0 to 3.0 mol%), and the catalyst system (2@dnpSBOs, 20 ppm Ti(OR) and 60 ppm
Mn(OAc),), were added to the round bottom flask. The reacproceeded under nitrogen
atmosphere and the temperature was raised from°C9@ 220°C to 275°C in 2 hour
increments. Vacuum (0.1 to 0.2 mm Hg) was thetiateid for 0.5 to 2 hours at 27&. The
product polymer was characterized usifigNMR spectroscopy without further purification.oN

low molecular weight cyclics were observed in tli&CSraces.

3.4 Results and Discussion

3.4.1 Synthesis and characterization of randomly branched PET-co-PEI

A reaction scheme for the PEEB-PEI synthesis is shown in Figure 3.1. DMT and DMI
were reacted with ethylene glycol to form bis(hydrethyl) terephthalate which undergoes
polycondensation to produce a high molar mass ptdyeas ethylene glycol is removed under
vacuum. DMT and DMI were selected as comonomess tduthe respective para and meta
substitution which disrupts the resulting polymbarin symmetry thereby reducing the level of
crystallinity and increasing polymer solubility feubsequent electrospinning studies.

Differential scanning calorimetry (DSC) revealeattihe linear and branched PEG-
PEI copolymers were completely amorphous with asgléransition temperaturelg] at
approximately 68C. This is expected as the meta substitution efdimethyl isophthalate

disrupts the chain symmetry and prevents chainrfgldMoreover, the glass transition was
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Figure 3.1. Synthesis of branched PEFPEI copolymers.
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independent of the degree of branching, asghatd not vary from 68C for any of the samples.
This phenomenon has been reported previously fatoraly branched PE¥?

'H NMR spectroscopy revealed that all the linear brahched copolymers inherently
contained 2-3 mol% of diethylene glycol (DEG) undse to self-condensation of ethylene
glycol. Under these reaction conditions, this cosifon of DEG is consistent with the prior
literature?®* Unfortunately, the branching composition could be determined usintiH NMR
spectroscopy since the peak integrations for théops associated with the branching unit were
convoluted with the aromatic protons in the polgestackbone. Figure 3.2 shows the structures
of the three different branching agents employethépolycondensation reactions. 1,3,5-TMT
and 1,2,4-TMT are trimethyl esters that only diffiersubstitution of the phenyl group. TMA is
also a trifunctional branching agent that undergaekydride ring opening during the step
growth reaction.

Due to the statistical nature of the branchingtieacthe polyester weight average molar
mass i,) and polydispersityM/M;) increased as the incorporation of branching agers
increased. To investigate the influence of branghom the electrospinning process, it is
imperative that the linear and branched copolyrhaxe the sambl,, to deconvolute the effects
of molar mass and branching. Consequently, thgcpatensation reaction time was reduced in
the presence of a branching agent. Table 3.1thstgopolyesters that were synthesized and the
corresponding polycondensation reaction times aaldmnmass data. It is important to note that

the final vacuum was 0.2 mm Hg.

3jayakannan M, Ramakrishnan, S. Synthesis and thearaysis of branched and “kinked” poly(ethylene
terephthalate). J. Polym. Sci. Part A: Polym. Ch£®98;36:309-317.

204 Chen L-W, Chen J-W. Kinetics of diethylene glyéotmation from bishydroxyethyl terephthalate wittofon
catalyst in the preparation of poly(ethylene teteplate). J. Appl. Polym. Sci. 2000;75:1221-1228.
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Figure 3.2. Branching agents utilized in PE&FPEI step growth polymerization
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Table 3.1. Reaction conditions and molar massfdatenear and branched PED-PEI

Branching Agent

Vacuum Time

Branching Agent Concentration ) Mw (kg/mol) Mu/Mp,
(mol%)

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 15 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 15 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 concentratibh,3,5-TMT branching agent from 0
to 1.0 mol% increased the,, from 11,700 to 94,000 g/mol and broadened the mmwlass
distribution from 1.8 to 3.6. Moreover, increasitng 1,3,5-TMT branching content further to
1.5 mol% produced PE@e-PEIl with a significant gel content (30 wt% gel)To match
molecular weights for the linear and branched mibts, the vacuum time was reduced to
decrease the conversion of the branched macrontetecurable 3.1 illustrates approximately
equivalentM,, were obtained for the linear (54,200 g/mol) arl 0l1% branched PEGe-PEI
using 1,3,5 TMT and 1,24 TMT (49,200 g/mol and080, g/mol respectively) when the
reaction time for the branched polyester was 50%hefreaction time for the linear polyester.
Other researchers have added a monofunctional aamdpto reduce the extent of conversion
and hinder the onset of gelatitii.

The degree of branching in the PEGPEI copolymers was quantified using the
branching index valugy() discussed in Section 2.2.1a. Table 3.2 showsrttrinsic viscosities
of the branched and linear PE®-PEI and the branching index values. Since a Iw@hchain
has a higher segment density than a linear chamarched macromolecule occupies a smaller
hydrodynamic volume than a linear polymer of egi@mamolar mass. Consequently,= 1.0
for a linear chain ang decreases from 1.0 as the degree of branchingases.

As shown in Table 3.1 a significant gel fractionswabserved for branching agent
concentrations at 1.5 mol%. Consequently, to predsoluble, highly branched PE®-PEI
with 3 mol% of 1,3,5-TMT, the addition of a monotional compound (dodecanol) prevented

network formatiorf°® Table 3.2 depicts that the polymer with 3 mol%3-TMT had a larger

205 Manaresi P, Munari A, Pilati F, Alfonso G C, RuscSartirana L. Synthesis and characterizatidrigifly
branched poly(ethylene terephthalate). Polymer6208955-960.

2% Flory, P.J. Principles of Polymer Chemistry; Cdrmiversity Press: Ithaca, NY, 1953.
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Table 3. 2. Molar mass, intrinsic viscosity, amdrizhing index values for PEIG-PEI series

Branching
Branching Agent M2 Moma 0l branched  [N] linear 'a
Agent Concen. (kg/mol) W (dL/g) (dL/g)
(mol%)
N/A 0 11.7 14 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
76.0 10.7 0.28 0.65 0.43

1,3,5-TMT 3.0*

* Addition of 15 mol% dodecanol

N/A = not applicable

& SEC conditions: 40C, CHCk, MALLS and viscosity detector. The contractiontta (')
measurement has an error0f05 based on multiple SEC runs
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number of branches than the rest of the seriesllmaséhe very broad molar mass distribution
(Mw/M;, = 10.7) and the low branching index valge< 0.43 ).

3.4.2 Solution rheology and determination of concentration regimeslioear and branched
PET-co-PEl

The concentration regimes for the PEFPEI solutions were determined using solution
rheology measurements. Shear rate sweeps from 8®60 & were performed on copolymer
solutions ranging from 2 wt% to > 20 wt% in a 70¥80v CHCL/DMF cosolvent at 2% 0.2°C.
All polyester solutions showed Newtonian behavigerothis range of shear ratdmwever, it
should be noted that shear thinning would occimgtier shear rates. Figure 3.3 shows a plot of
viscosity as a function of shear rate for a linB&T-co-PEI M,, = 77,300 g/mol) at several
different concentrations. The zero shear rateogisg (/10) increased from 2.1 to 820 cP as the
concentration was increased from 2 wt% to 20 wt¥he polymer contribution to thie, was
studied by defining the specific viscosit¥f) in equation (2.18). For neutral, linear polymiers
a good solventfis,~ C*?in the dilute regimefis,~ C?°in the semi-dilute unentangled regime,
hsp~ C>"in the semi-dilute entangled regime, ang~ C*®in the concentrated regiri®. The
hsp is plotted as a function of concentration in Feg@t4 for the branched PEDB-PEI My, =
49,200 g/mol andy = 0.80). Changes in the slope marked the on$eh® semi-dilute
unentangled, semi-dilute entangled, and conceuxtnagimes Cp). The values ofCe and Cp
were found to be 7 wt% and 16 wt% respectively.e @ilute region was not determined here

since rheology was not performed on polymer sohgtiess than 2 wt%.

27 de Gennes, P.G. Scaling Concepts in Polymer PéySimrnell University Press: Ithaca, NY, 1979.
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Figure 3.3. Dependence of viscosity on shearfaatknear PETeo-PEI (M,, = 77,300 g/mol) at

various concentrations (2 to 20 wt% in 70/30 wiGitCly/DMF cosolvent).
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Figure 3.4. Dependence of specific viscosity oncemtration 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 uaegled regimes,~ C **°is in good
agreement with the theoretical predictions lfisg~ C1%®). In the semi-dilute entangled regime,
the specific viscosity should scale with the polyrmaencentration to approximately the 3.75.
power. However, a slightly weaker dependence wasemwed in the semi-dilute entangled
regime (sp ~ C 2% which was attributed to the branched architectof the PETeo-PEI
copolymers. Finally, in the concentrated regidre toncentration exponent was 3.7 in good
agreement with the theoretical scaling law expanent

Figure 3.5 shows the concentration dependence efih for a linear PETco-PEI
copolymer withM,, = 11,700 g/mol. The change in slope from 1.4.@& 18 wt% marke@s,
the boundary between the semi-dilute unentangleldsemi-dilute entangled regimes. Similar
analyses were performed for a series of lineartaadched PETo-PEI with varying levels of
branching and molecular weights. The results anensarized in Table 3.3.

For the linear copolyesters (0 mol% branching ggentreasingM,, from 11,700 to
77,300 g/mol decreased the entanglement concemtrétom 18 to 4.5 wt% because the low
molecular weight chains occupy a smaller hydrodyinarolume and require a higher
concentration before they begin to topologicallystoain one another and entangle. Table 3.3
also indicates that branching has an influenc€onWhen comparing linear PEIG-PEI with a
My, of 77,300 g/mol and a branched copolymer (0.5 moi&tmching agent) with a Mof 94,000
g/mol andg’ = 0.63, the branched polymer has a higher entanght concentration despite a
higherM,,. As the degree of branching was increased futthegr = 0.43 for the 76,000 g/mol
PET-co-PEI (3 mol% branching agent}. increased to 10 wt%. This systematic increage.in
was due to the higher segment density of the bethpblymers and the branch points hindering

chain overlap. Consequently, only the outermoatrchnds can entangle with each otffér.
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Figure 3.5. Dependence of specific viscosity onceamtration for linear PET-co-PEI (Mw =

11,700 g/mol).
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Table 3.3. C. values for linear and branched PEGFPEI. C. increased aMl, decreased amgl

decreased.

Mol% Branching

Agent g My (kg/mol) My/M,, 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-PEl

Linear and branched PEI-PElI samples were electrospun from a 70/30 w/w
CHCI,/DMF cosolvent. PETo-PEI was soluble in CHglat high concentrations, however the
high vapor pressure (159 kPa) of Chl€Chused rapid solvent evaporation during electrospg
that resulted in plugging of the syringe injectinozzle. DMF is less volatile than CHCI
however the copolymer is not soluble in DMF at hagimcentrations. Consequently, a mixed
solvent of 70/30 w/w CHGIDMF resulted in the desired solubility and vol&filto facilitate
electrospinning. Low levels of residual DMF wemegent in the electrospun fibers, while the
presence of CHGlwas negligible. It should be noted that solutib@ology and electrospinning
conditions for the series of copolymers were id=t(~25°C and 70/30 w/w CHGIDMF
cosolvent), thereby ensuring the same hydrodynath&n conformations in solution. The
processing conditions were held constant to disteeneffects of chain length and molecular
topology on morphology of the electrospun fibesless otherwise noted, all polymer solutions
were electrospun at 18 kV potential, 3 mL/h flowr&tom the syringe, and a 24 cm distance
from the syringe tip to the grounded target. Thlmers that were selected for electrospinning
are listed in Table 3, and exhibit a broad rangenofar masses (11,700 to 106,000 g/mol) and
degrees of branching (g’ values of 1.0 to 0.43).was assumed the surface tensions of the
solutions at various concentrations did not sigaifitly changé®®

The dependence of the electrospun fiber diametér dor the branched and linear PET-
co-PEIl is shown in Figure 3.6. Three distinct filbeorphologies were identified depending on
the /o of the solution. Polymer solutions with/g less than 10 cP produced polymer droplets

when electrospun, while PEJG-PEI solutions with &y between 10 and 30 cP generated fibers

28 70ng X, Kim K, Fang D, Ran S, Hsiao B S, Chu BuSture and process relationship of electrospun
bioabsorbable nanofibers membranes. Polymer 2002t@3-4412.
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Figure 3.6. Dependence of electrospun fiber sizez@ro shear rate viscosity for linear and
branched PEBo-PEI (R=0.91). Three distinct regimes of morphology wereserved

depending orhg: polymer droplets, beaded nanofibers, and ddfeetfibers
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with beads as shown in Figure 3.6. Finally, etesggimning solutions with &, greater than 30
cP yielded defect-free, uniform fibers. Moreovitie fiber diameter increased withy by the
relationship,

Diam= 005, (3.1)
where the fiber diameter is in microns. An inceeasthe zero shear rate viscosity indicated a
larger number of entanglement couplings, therelmegaing larger electrospun fibers.

Figure 3.7 shows FESEM images of fibers electrogming 8 to 20 wt% solutions of
branched PETo-PEI (M,, of 76,000 g/mol ang’ = 0.43). It should be noted that all FESEM
images were taken at the same magnification. TaBlellustrates that th€. for the branched
copolymer is 10 wt%. The fiber morphology was defsnt on the concentration regime from
which the polymer was electrospun. In Figure 3i7s, clear that polymer solutions that were
electrospun from solutions below tl& of 10 wt% did not yield fibers, and only polymer
droplets were observed. Because there is no tgjgaloconstraint or entanglements between
polymer chains in solutions belo@., the jet could not withstand the surface tensibrihe
solution or the force of the electric field and tfe#@ broke up into droplets. When the
concentration was raised to tg (10 wt%), fiber formation was observed betweenghlymer
droplets (Figure 3.7b). As the concentration veased beyond,, droplets and nanofibers were
produced with an average fiber diameter of Gr@b(Figure 3.7c). For the 16 wt% and 18 wt%
solutions aboveC, (10 wt%), beaded electrospun fibers were genenatthd diameters on the
order of 0.70 and 0.99m respectively (Figure 3.7d and 3.7e). It is im@ot to note, the change
from predominately spherical beads to elongatedd biea Figures 3.7d and 3.7e. This
phenomenon was previously reported in the liteedilir Above C, the high degree of chain

overlap resulted in chain constraint and the foiomabdf entanglement couplings. Figure 3.7f
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shows uniform, defect-free fibers with an averagamgter of 1.2nm from electrospinning a
solution 2 time<C.. As the number of entanglements increased, thaigolviscosity increased,
thereby facilitating the formation of defect-freledrs.

Linear PETeo-PElI and branched PEJG-PEI of equivalentM,, exhibited similar
behavior over the same concentration regimes. r&i§B shows FESEM images of a linear
copolyester i, of 77,300 g/mol an@. = 4.5 wt%). Below th€, of 4.5 wt%, polymer droplets
were primarily formed (Figure 3.8a). As the cortcation was increased abov®, beaded
nanofibers were formed with average fiber diameté3.50mm (Figure 3.8b). When the linear
copolyester was electrospun from solutions aboven®2s C. (10 wt%), uniform, defect-free
fibers were formed with average fiber diameterd .6frm (Figure 3.8c). As the concentration
was increased further to 12 wt% and 17 wt%, unifébers with nominal diameters of 2.5 and 5
mm were respectively electrospun (Figures 3.8d aBe&)3 Attempts to electrospin 20 wt%
solutions of the linear PEGe-PEI were unsuccessful unless the syringe pumprétavwas
increased to 20 mL/h to overcome the high viscositthe solution and initiate jet formation.
This resulted in the formation of large fibers > in diameter (Figure 3.8f).

For the majority of copolymers listed in Table 3@,was the minimum concentration
required for electrospinning of beaded nanofibersile 2 to 2.5 time<, was the minimum
concentration required for electrospinning unifordefect-free fibers. However, a different
concentration dependence of fiber morphology wasended for the 11,700 g/mol linear PET-
co-PEI Ce = 18 wt%). It can be seen in Figure 24 that tbecentration was increased well
aboveC, before beaded fibers were formed. Electrospinfrimig 18 wt% and 20 wt% solutions
both resulted in polymer droplets (Figures 3.9a 2udth). There was no presence of fibers until

the concentration was raised to 20% ab@ygFigure 3.9c). Finally, electrospinning from 26
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wt% and 28 wt% solutions produce beaded nanofiwéts nominal diameters of 0.20 and 0.40
mm respectively (Figures 3.9d and 3.9e). Since@lg/mol is not far above the critical molar
mass for entanglements of PEGPEI in the melt, it is more difficult for the lomolecular
weight chains to form entanglements couplings, dher favoring droplet formation or
electrospraying.

The concentration dependence of the electrospuan tiiameter is summarized for the
PET-o-PEI series in Figure 3.10. The diameter of thedr and branched PEDB-PEI fibers
showed a ~3.0 power law dependence on solution eotration. The same power law
relationship has been reported for other electmodimer system$% In Figure 3.10, the intercept
of each curve is different since the series coenmange of molar masses and degrees of
branching. Consequently, in order to generate vadgnt size fibers with this series of
copolymers, the solution concentration was incre@asethe critical entanglement concentration
of the respective polyester increased. For examplproduce fibers with an average diameter
of 0.50 mm, the linear copolymers dfl, = 11,700 g/mol andV, = 77,300 g/mol were
electrospun from >28 wt% and 7 wt% solutions respely since the 11,700 g/mol copolyester
possessed @. four times that of the 77,300 g/mol copolymerndly, in Figure 3.10, the fiber
diameter vs. concentration curve for the branchgublyesters were intermediate of the two
linear copolymers because their entanglement coratEms were intermediate to those for the
linear PETeo-PEI copolymers (see Table 3.3).

These curves in Figure 3.10 were superimposed wWieesolution concentration of each
polyester were normalized with its respectUgvalue. Figure 3.11 shows the superimposed

curve for the dependence of normalized solutiorcentration on fiber diameter for the PE®-

29 Demir M M, Yilgor I, Yilgor E, Erman B. Electrosphing of polyurethane fibers. Polymer 2002:43:33389
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PEI series, where the error bars represent the §itze distribution. The influence of chain
length and branching architecture on the electrmspg process was removed when the solution
concentration was normalized witB.. The fiber diameter scaled with the normalized

concentration as,

27

) C
Diam~ — 3.2
c (3.2)

where C is the polymer concentration in solution a@glthe entanglement concentration. In
Figure 3.11, the shaded region marks 2 to 2.5 ti@esvhich was the minimum concentration
required to electrospin high specific surface adedect-free fibers. Eq. (3.2) was predicted

when a single equation was fit to thg vs. concentration data in Figure 3.5 for the sdihite

entangled and concentrated regions, predicthg- /s, >°.

When this relationship was
substituted into Eq. (3.1), it was predicted tBém ~ C%’, which is identical to the scaling
argument in Eq. (3.2). Future work will address sensitivity of the relationship in Eg. (3.2) to
process parameters, including volumetric flowrate electric field strength.

Recently Shenoy and Wne#t al developed a semi-empirical relationship, which
predicted the onset of fiber formation a priori &h®nM,,, polymer concentratiorc), and the
entanglement molar mass in the melt phade.{'"° The model was based on the solution

entanglement numbendsoin as defined in Eq. (3.3).

(ne)soln = % (33)

(Mg)som is the entanglement molar mass in solution, ancklsted toMe by: (Me)som = Md/C

Consequently, Eqg. (3.3) can be rewritten as,

#0ghenoy S L, Bates D W, Frisch H L, Wnek G E. Raflehain entanglements of fiber formation during
electrospinning of polymer solutions: good solvein-specific polymer-polymer interaction limit. Ipmer
2005;46:3372-3384.
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(ne)soln = - (34)

The authors showed that the onset of fiber foronator polymers in a good solvent that
do not display intermolecular interactions correxjeal to a value ohf)son = 2. Moreover, the
authors observed uniform, or bead-free, fiber petida when Ke)soin Was greater than 3.5. This
model is completely consistent with the presentkwavhich describesC, as the minimum
concentration for fiber formation, and 2 to 5 as the minimum concentration for bead-free
fiber formation. In Eg. (3.4) iM. is substituted foM. , assuming the general relationsMp ~
2Me, whereM is the critical entanglement molar mass that sgparthe dependence &f on
Mw, we get Eq. (3.5).

2M,c
(ne)soln = M— (35)

c

As mentioned previously, Sheneyal showed thatrg)son = 2 for the onset of electrospun fiber
production. For this specific case Eq. (3.5) redun M,c)/M. = 1. Colbyet al also postulated
that Ce = MJ/M,,,>** which simply states that for the case m&n = 2, ¢ = C. Consequently,
our argument that, is the minimum concentration for fiber formatianim excellent agreement

with the model proposed in Eq. (3.3).

3.5 Conclusions
The implications of the semi-dilute unentangled aathi-dilute entangled concentration
regimes on the electrospinning process were detexdrfor a series of linear and branched PET-

co-PEI copolymers. Branching index and gel fractioeealed differences in branch structure

2l Colby R H, Fetters L J, Funk W G, Graessley W Weds of concentration and thermodynamic intetaction
the viscoelastic properties of polymer solutiongadkbmolecules 1991;24:3873-3882.
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depending on the branching agent used. In paaticpblyesters polymerized in the presence of
TMA showed more highly branched topologies compaoeithose polymerized with 1,3,5-TMT
or 1,2,4-TMT. Analyzing the dependence of speaifgcosity (7, on concentration enabled
the determination of the semi-dilute unentangleeimisdilute entangled, and concentrated
regimes for the PETe-PEI solutions. For equivalent molar mass€s, increased with
branching due to the higher segment density ofbtfamched polymers and the branch points
hindering chain overlap and entanglement.

Linear and branched copolymers were then electrofpm the semi-dilute unentangled
and semi-dilute entangled regions to determinestfeets of concentration regime and molecular
topology on electrospun fiber morphology. Fiberrpimlogy was dependent on the zero shear
rate viscosity, with the presence of three distmorphology regimes: polymer droplets, beaded
nanofibers, and uniform, defect-free fibers. Momoithe fiber diameter scaled with the to
the 0.8 power. For most of the copolymers studizdyas the minimum concentration required
for electrospinning of beaded nanofibers, while 2.6 timesC, was the minimum concentration
required for electrospinning uniform, defect-frédgefs. Low molar masdW, = 11,700 g/mol),
linear PETeo-PEI requiredC > C, to form beaded fibers since this is not far abteecritical
molecular weight for entanglements of PEFPEI in the melt. When the concentration was
normalized usingC,, the influence of chain length and branching dedture on the
electrospinning process was removed, and the fibameter 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 Bolymer2005 46:2011-2015)

4.1 Abstract

Electrospun fibrous mats were formed from linead &mghly branched poly(urethane
urea)s. The highly branched poly(urethane ureagsewsynthesized using an, A+ Bs
methodology, where thefspecies is an oligomeric soft segment. Sincartbkecular weight
of the A oligomer is above the entanglement molecular weitfie highly branched polymers
formed electrospun fibers unlike typical hyperbtaaat polymers that do not entangle. Stress-
strain experiments revealed superior elongatiortterelectrospun fibrous mats. In particular,
the highly branched fiber mats did not fail at 180@longation, making the electrospun mats

promising for potential applications where enhantead strength resistance is required.

4.2 Introduction

Polyurethanes are used in a large number of conmahempplications, including fiber
production, coatings, and adhesi?&s. The synthesis of segmented polyurethanes with
alternating hard and soft segments, typically taauh microphase separated morphology, which
displays highly elastomeric behavior that is suéator elastomeric fiber applicatioRS In
general, the hard segments form crystalline regare to strong hydrogen bond associations

between the urea or urethane groups, while thessgfinents form the continuous phase and

%12 stevens MP. Polymer Chemistry an Introductiorford University Press, New York, 1999.
213 Oertel G. Polyurethane HandbooR Edition; Hanser Publishers, New York, 1994, p. 629
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remain amorphous’ Recently, significant research attention hassitlated the importance of
hydrogen bonding and percolation through the h&ase on the performance of polyurethanes
in foam and elastomer applicatiofd3?*®*"?*® For example, structure-property relationships of
well-defined polydimethylsiloxane (PDMS) based segted copolymers displayed the
influence of hydrogen bonding in the hard segmenthe thermal and mechanical properties of
the copolymer$*®#?° |n particular, a linear relationship between tized segment content and
tensile strength was developed for the segmentpdlyimers. Silicone-urea copolymers with a
very high urea hard segment content (42 wt%), ehgegable using isopropyl alcohol (IPA) as
the polymerization solvent, and tensile strengttea@r than 20 MPa were observéd. The
synthesis of segmented poly(ether-ureas) in IPA mgasntly investigated using in-situ FTIR

spectroscopy in our laboratori®s. Since segmented linear poly(urethane urea) copsily

24 5zycher MS. Szycher’'s Handbook of Polyurethan&C ®ress, New York, 1999

25 OSickey M J, Lawrey B D, Wilkes G LStructure-property relationships of poly(urethameas with ultra-low
monol content poly(propylene glycol) soft segmemtart 1. Influenc of low molecular weight polyobmponents.
Polymer 2002;43:7399-7408.

2% Apeja A, Wilkes G L. On the issue of urea phaseneativity in formulations based on molded flexible
polyurethane foams. J. Appl. Polym. Sci. 2002;85622967.

27 Aneja A, Wilkes G L. Hard segment connectivitylam molecular weight model ‘trisegment’ polyuretlean
based monols. Polymer 2004;45:927-935.

Z8gheth J P, Klinedinst D B, Wilkes G L, Yilgor ljlyor E. Role of chain symmetry and hydrogen bogdin
segmented copolymers with monodisperse hard segnfeolymer 2005;46:7317-7322.

29 Tyagi D, Yilgor |, McGrath J E, Wilkes G ISegmented oranosiloxane copolymers. 2. Thermahsthanical
properties of siloxane-urea copolymers. Polymerd]28.1807-1816.

20 vilgor E, Yilgor I. Hydrogen bonding: a criticabpameter in designing silicone copolymers. Polymer
2001;42:7953-7959.

2l vilgor E, Atilla G E, Ekin A, Kurt P, Yilgor Y. lepropyl alcohol: an unusual, powerful ‘green’ seivéor the
preparation of silicone-urea copolymers with highaucontent. Polymer 2003;44:7787-7793.

222 Yjlgor I, Mather B, Unal S, Yilgor E, Long T E. &paration of segmented, high molecular weight,halijz
poly(ether-urea) copolymers in isopropanol. In-$fUIR studies and polymer synthesis. Polyr8804;45:5829-
5836.
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display high tensile strength and elastomeric bemavmany researchers have utilized
electrospinning as a means to form sub-micron dibef linear segmented poly(urethane
ureas .23,224,225

Electrospinning occurs when a charged polymer mwlubr melt that possesses chain
entanglements emits a fluid jet in the presencaroélectric field?® The jet undergoes a fluid
instability, which causes a whip-like motion of fje¢, thereby greatly increasing the path-length
and degree of stretching that the filament undesgoefore collection on a targ@f. The
resulting electrospun nonwoven fiber mats possessegh specific surface area, high porosity,
and small pore size, which lend themselves to @& wahge of applications including filtration
devices, membranes, vascular grafts, protectivehiog, reactive templates, and tissue
scaffolds??®??° Previous tensile analyses of electrospun polinaret fibers showed distinctly
different mechanical properties compared to a fifnIn particular, the fibers showed a lower

elongation and a higher stress at equivalent etmrgaompared to the polyurethane film.

Recently, simultaneous electrospinning of poly(Viehloride) and segmented polyurethane

22 pedicini A, Farris R J. Mechanical behavior ofcedespun polyurethane. Polymer 2003;44:6857-6862.
224 Demir M M, Yilgor 1, Yilgor E, Erman B. Electrospiing of polyurethane fibers. Polymer 2002:43:33389.

S Lee KH, KimH Y, Ryu Y J, Kim K W, Choi S W. Meahical behavior of electrospun fiber mats of poilygv
chloride)/polyurethane polyblends. J. Polym. SeitB: Polym. Phys. 2003;41:1256-1262.

226 Reneker D H, Chun I. Nanometre diameter fibensadymer, produced by electrospinning. Nanotechnplog
1996;7:216-223

227 Shin Y M, Hohman M M, Brenner M P, Rutledge G GpEBrimental characterization of electrospinninge th
electrically forced jet and instabilities. Polym2001;42:9955-9967.

228 Gibson P, Schreuder-Gibson H, Rivin D. Transpoopprties of porous membranes based on electrospun
nanofibers. Colloids and Surfaces A: Physiochendoal Engineering Aspects 2001;187-188:469-481.

22 Kenawy E-R, Layman J M, Watkins J R, Bowlin, GMatthews J A, Simpson D G, Wnek GHectrospinning
of poly(ethylene-co-vinyl alcohol) fibers. Biomaitds. 2003;24:907-913.
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solutions in a side-by-side setup, yielded bicongmbrsubmicron fibers that possessed properties
of each of the polymer componeAtS.

Previously, our laboratories have electrospun liatar and randomly branched polyesters,
and developed relationships between fiber morpholagd the entanglement concentration
(Co).?®' Fibers formed from a branched polymer exhibitaadages over fibers formed from
linear analogs. Branching allows (1) control ofaich end concentration for tailored
functionalization, (2) controlled degradation faesific drug delivery profiles, and (3) reduced
viscosity for potential melt processing of nanofgeTo date, a comparison of the mechanical
behavior of linear and branched poly(urethane wetsgtrospun fibers has not received attention.
Earlier, the synthesis of novel poly(alkyl methdatgs) with pendant quadruple hydrogen
bondinggroups that associated in nonpolar environments imasstigated in our laboratories,
and the influence of strong hydrogen bonding oetedepun fiber formation was elucidated.
Herein, the electrospinning performance and mechamroperties of linear and well-defined

highly branched segmented poly(urethane urea)discassed.

4.3 Results and Discussion

The highly branched poly(urethane urea)s were ggitkd using an A+ B; methodology,

where the A species is an oligomeric soft segment, descritssiMbere’>®  If the molar mass

20 Gupta P, Wilkes G L. Some investigations on therfformation by utilizing a side-by-side bicompaone
electrospinning approach. Polym003;44:6353-6359.

%1 McKee M G, Wilkes G L, Colby R H, Long T E. Coragéibns of solution rheology and electrospun fiber
formation for linear and branched polyesters. Mawtecules 2004;37:1760-1767

%2 McKee M G, Elkins C L, Long T E. Influence of sedmplementary hydrogen bonding on solution
rheology/electrospinning relationships. Polymer4£@6:8705-8715.

#3Unal S, Yilgor I, Yilgor E, Sheth J P, Wilkes Gllong T E. A new generation of highly branched padys:
hyperbranched, segmented poly(urethane urea) slasto Macromolecules 2004;37:7081-7084.
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of the A oligomer is above the entanglement molar m&&$, these highly branched polymers
form electrospun fibers unlike typical hyperbrantipmlymers that do not entangle. Table 4.1
summarizes the hard segment composition, soft ssigmelecular weight, the weight average
molar masses, and the electrospinning conditions the linear and highly branched
poly(urethane urea)s. The soft segments of botpolgmers consisted of 2000 g/mol
poly(tetramethylene oxide) (PTMOM¢ = 1200 g/mol in the melt phase), while the hard
segment composition was 30 wt% and 35 wt% for tighlyr branched and linear copolymer
respectively. Absolute molar mass determinatiors \warformed with a triple detector size
exclusion chromatography (SEC) column. Due toedéhces in their solubilities, the lined,{

= 42,000 g/molM,/M,, = 1.56) and branched(, = 91,900 g/molM,/M, = 5.78) poly(urethane
urea)s were respectively dissolved in tetrahydeofuand hexafluoroisopropanol for the SEC
measurements Electrospinning conditions were constant at 20 k&, mL/h volumetric flow
rate, and 20 cm from the syringe needle to theectiig target. Nonwoven fiber mats
(approximately 10 cm x 10 cm) were collected far linear and highly branched polymers with
average fiber diameters of 40L.5mm. Field emission scanning electron microscopySEM)
images of the fibers are shown in Figure 4.1. Blatkar and highly branched segmented
copolymers formed uniform electrospun fibers withbead defects, suggesting the polymer
concentrations shown in Table 4.1 are abo@, 2vhereC, is a function of chain length,
molecular topology, and intermolecular interactionSurprisingly, the solutions of linear and
highly branched poly(urethane urea)s displayedifstgmtly different zero shear rate viscosities
(ho) despite forming similar size fibers, where #gfor the linear solution was 420 cP and the
ho of the highly branched solution was 160 cP. Fegli2 shows that over the shear rate range

studied, the segmented copolymers displayed Newtdmehavior. Despite having a higher
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Table 4.1. Description of linear and highly braagdipoly(urethane urea)s

Polvmer Hard Segment  Soft Muw . Mu/Mp? Solution Electrospinnin
Archii/ecture Composition ~ Segment  (9/mol) Concentration o - (F\)/v t'wt?g
(Wt%) Mn (g/mol) (Wt%)P '
Linear 35 wt% 2000 42000 1.56 10.0 1:4 THF:IPA
Highly 30 wt% 2000 91900 5.78 10.8 1:2 THF:IPA

branched

®SEC solvent: tetrahydrofuran for linear polymed &exafluoroisopropanol for highly branched
polymer

PElectrospinning conditions: 20 kV, 10 mL/h, 20 distance from syringe to collector
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mm3-32b WD= 15mm EHT= 500KV Sig WD= 14mm EHT= 500V SignalA=SE2
— Mag= 100 K Fhoto No. =2244 g Mag= 10 Date :19 May 200:
Mag= 100KX

Fhota No. =251

g= 100KX =
Mag= 100KX

a) Linear poly(urethane urea) b) Highly branched poly(urethane urea)

Figure 4.1. FESEM images of electrospun poly(uretharea) fibers. The electrospinning

conditions were 20 kV, 10 mL/h, and 20 cm distainom the syringe tip to the collector
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Figure 4.2. Shear rate dependence of viscositfiiear and highly branched poly(urethane

urea) segmented copolymers. Both copolymers shdvexdonian behavior over the range of

shear rates investigated.
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absoluteM,,, the highly branched polymer displayed a lowgcompared to the linear chain due
to its reduced hydrodynamic volume.

Stress-strain experiments were performed usingodog samples cut from a die as specified
in ASTM D3368, and the tensile testing was perforroada 5500R Instrhuniversal testing
machine at a crosshead displacement rate of 15 mm/Reported tensile values were obtained
from an average of five dog bone samples cut fraohelectrospun mat to ensure there was no
heterogeneity in thickness within the nonwoven m&igure 4.3 compares the stress-strain
behavior of linear and highly branched poly(urethamea) electrospun fiber mats to a film
prepared from the linear poly(urethane urea). &itlte non-woven fiber mats were not
continuous and contained a high degree of sub-migorosity, the apparent stress was
evaluated by employing the equivalent thicknes$ ¢f the electrospun mat. The is defined

as,

tyg = — (4.2)

wherem, r, andA corresponds to the dog bone specimen mass, deasdythe area of the die,
respectively. Figure 4.3 shows that both the lirerad highly branched electrospun fiber mats
exhibited higher elongation before break than treesponding linear poly(urethane urea) film.
The linear film failed at 830% elongation, whileethinear electrospun fibers failed at 970%
elongation, although these values are nearly withénstandard deviation of the measurement.
However, the highly branched fibrous mat did nat & 1300% elongation. The higher
elongation at break for the highly branched comgaoethe linear membrane may be a result of
different electrospinning solvents. Klat al reported a higher concentration of point-bonded
contacts between fibers with increasing solventatidly [30]. Since the highly branched

poly(urethane urea) was electrospun from a THF sallient compared to the linear, the
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Figure 4.3. Stress-strain results for linear aighlly branched segmented poly(urethane urea)s.
Comparison of the tensile performance of electrodpher membranes to a poly(urethane urea)

film. Failure at break is denoted by the X, and lighly branched fibrous mat did not break at

1300% elongation.
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significantly larger elongation at break may beilatted to a higher concentration of point-
bonded contacts between individual fibers.

The improved elongation behavior of the electrospiers compared to the
poly(urethane urea) film is attributed to increasear resistance of the fiber mats compared to
the neat poly(urethane urea) film at high elongatfd Unlike the poly(urethane urea) film,
which exhibited relatively poor resistance to tdlg interconnected, network structure of the
electrospun fibers hindered tear propagation, whashilted in higher elongations prior to break.
In fact, the oscillations in the stress-strain eufer the linear fibrous mat, which occurred at
approximately 1000% strain, were a result of théerconnected fibers preventing tear
propagation. Table 4.2 shows a summary of thesss@ain results for the segmented
copolymer fiber mats and film. The Young's modufas the linear and highly branched fiber
mat was 1 to 4 MPa, which was significantly loweartithe bulk film (17 MPa) due to the
discontinuous, microporous nature of the nonwovieers. As mentioned previously, the linear
and highly branched fibrous mats displayed enhaet@tgation behavior compared to the film.
After 1300% elongation, the highly branched fibeatnexhibited only minor permanent set

(21%), indicating the nonwoven fibers formed a hygkastic interconnected network structure.

4.4 Conclusions

In conclusion, electrospun membranes were formeth flinear and highly branched

poly(urethane urea)s. Although much work has fedusn using branched polymers for

234 Freakley PK, Payne AR. Theory and Practice of Eegiing with Rubber. Applied Science Publishers L TD
London, 1978. pp.642-643.
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Table 4.2. Stress-strain summary for the polyfumee urea) electrospun fiber mats and film.

Material Young’s Strain at Break  Stress at Break Permanent Set
Modulus (MPa) (%) (MPa) (%)
Linear film 17+1 830+ 61 38+ 9 failed
Linear fiber mat 3204 970+ 100 10+ 1 failed
Highly branched 1.3+ 0.3 > 1300 % N/A 2% 7
fiber mat

N/A = sample did not break, stress at 1300% eloogd4.5+ 0.5 MPa)
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conventional spinning procesé&$* this is the first example of the formation of stie
electrospunfibers from a highly branched polymer architectur&tress-strain experiments
revealed a lower modulus and higher elongatiotHferelectrospun fibrous mats compared to the
corresponding film. Moreover, the highly brancHduers did not fail at 1300% elongation,

which enables potential applications where enhateadstrength resistance is required.
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Chapter 5. Influence of Self-Complementary HydrogerBonding on

Solution Rheology/Electrospinning Relationships

(McKee M G, Elkins C L, Long T EPolymer2004 45:8705-8715)

5.1 Abstract

A series of linear poly(alkyl methacrylate)s thahtained either pendant carboxylic acid
or pendant 2-ureido-4H]-pyrimidone (UPy) groups, which form quadruple hygen bonds,
were synthesized to determine the influence ofrimédecular associations on solution rheology
and electrospinning performance. The cosolventpasition was varied in order to control the
dielectric constant of the electrospinning solveBly controlling the dielectric constant of the
solvent, intermolecular interactions were systecadlii screened, and the influence of hydrogen
bonding on electrospun fiber morphology was deteedhi While the diameter of the electrospun
poly(methyl methacrylate) (PMMA) fibers were in eXeal agreement with previously
developed predictions, the diameter of the eleptrogoly(methyl methacrylate-co-methacrylic
acid) (PMMA-co-PMAA) fibers were smaller than predicted when etespun from dimethyl
formamide (DMF). The smaller PMM&e-PMAA fibers were attributed to dissociation of the
carboxylic acid group, which resulted in increasadution conductivity. The poly(methyl
methacrylateco-UPy methacrylate) (PMMAo-UPYMA) displayed significant hydrogen
bonding associations with increasing solvent diel@constant D) which resulted in increased
viscosity and lower entanglement concentrati@).( Moreover, strong hydrogen bonding
between the UPy groups in relatively nonpolar solseéncreased the apparent molecular weight

of the copolymers, and significantly larger elespon fibers than predicted were obtained.
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5.2 Introduction

The electrospinning process employs an electrosgaitential to form uniform fibers
with diameters on the order of 100 nm torr@.23**® Electrospinning occurs when a charged
polymer solution or melt emits a charged fluid ijetthe presence of an electric field. The jet
follows a chaotic trajectory of stretching and gpig until it reaches a grounded target, thereby
completing the circuit. Researchers investigabedinstabilities of the electrically forced jet and
developed a model that relates the dependenceedbehding instability on the electric field
strength and solution flow rafé®

A jet of low molecular weight fluid breaks up indmall droplets, which is a phenomenon
termed electrospraying. On the other hand, a pathgolution with sufficient chain overlap and
entanglements undergoes a bending instability taatses a whip-like motion between the
capillary tip and the grounded target, which resuitthinning of the jet and formation of sub-
micron scale fiberd?® Fridrikh et al developed a model that predicts fiber diameteséveral
polymer solutions at various concentrations andh danction of surface tension and volume
charge densit§*! The authors predict a limiting fluid jet diameteere bending instabilities do
not further stretch the jet further. The jet diaenedecreases 4 or 5 orders of magnitude during

electrospinning due to high elongation rates. Wahgal recently performed extensional

%37 Reneker D H, Chun I. Nanometre diameter fibersadymer, produced by electrospinning. Nanotechnplog
1996;7:216-223

238 Deitzel J M, Kleinmeyer D, Harris D, Beck Tan N The effect of processing variables on the morpiyplof
electrospun nanofibers and textiles. Polymer. 200261-272.

239 Shin Y M, Hohman M M, Brenner M P, Rutledge G GpEBrimental characterization of electrospinninge th
electrically forced jet and instabilities. Polym2001;42:9955-9967.

#0varin A L, Koombhongse S, Reneker D H. Bendindahdity in electrospinning nanofibers. 2001;89:801
3026.

241 Fridrikh SV, Yu J H, Brenner M P, Rutledge G @nrolling the fiber diameter during electrospirmif®hys.
Rev. Lett. 2003;90:144502-1-4.
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rheology measurements poly(ethylene oxide) solati@md correlated the solution elasticity to
the spinnability of the solutiorf§?

In many instances, bead formation is also obsemextidition to fiber growth. Either
increasing the solution concentration or viscosigcreases the number of bead defects and
increases the overall diameter of the electrosjners>**2**Previously, the importance of chain
entanglements on the ability to electrospin lirexad randomly branched polyesters with a range
of molecular weights and degrees of branching virrestigated in our laboratoriés Beaded
nanofibers were produced when the solution conagaltr was greater than or equalGg and
uniform fibers without beads were formed at 2 t® 2mes C.. Moreover, when the
concentration was normalized wil@,, the influence of chain length and topology on the
electrospinning process was removed, and the fibameter scaled universally with the
normalized concentration to the 2.7 power. Regerffloski et al also showed that the
entanglement concentration was the minimum conagotr for the production of poly(vinyl

alcohol) electrospun fibef8®

242yy J H, Fridrikh S V, Rutledge G C. Effect of fiuelasticity on the morphology of electrospun fibd?olym.
Mat. Sci. Eng. 2005, 93, 992-993.

243 Zong X, Kim K, Fang D, Ran S, Hsiao B S, Chu BuSture and process relationship of electrospun
bioabsorbable nanofibers membranes. Polymer 200Rt@3-4412.

244Fong H, Chun I, Reneker D H. Beaded nanofibemmiéat during electrospinning. 1999;40:4585-4592.

25 McKee M G, Wilkes G L, Colby R H, Long T E. Coragéibns of solution rheology and electrospun fiber
formation for linear and branched polyesters. Mawtecules 2004;37:1760-1767

246 Koski A, Yim K, Shivkumar S. Effect of molecularight on fibrous PVA produced by electrospinningatM
Lett. 2004;58:493-497.
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Meijer and coworkers initially demonstrated the agétidy of multiple hydrogen bonding
for the formation of supramolecular polynféfg“®249%0 and many researchers have
subsequently utilized these unique scaffolds foe tformation of novel, associating

macromolecule>12°2:253:254.255

Recently, we described preliminary data concernthe
influence of self complementary multiple hydrogemndling groups SCMHB on the
electrospinning behavior of poly(alkyl methacry)atepolymers>® Our earlier research efforts
demonstrated that poly(alkyl acrylates) with petd8€MHB groups strongly aggregate in
moderately nonpolar solvents, such as toluene dmdraform (CHC}), and dissociate in

relatively more polar solvents such as tetrahydesf  THF)?* In this current work, 2-ureido-

4[1H]-pyrimidone (UPy) containing copolymers and sobgeof various dielectric constantS)(

%47 sjjbesma R P, Beijer F H, Brunsveld L, Folmer B, Hirschberg J H K, Lange R F M, Lowe J K L, Meife W.
Reversible polymers formed using self-complementagnomers using quadruple hydrogen bonding. Seienc
1997;278:1601-1604.

28 Eolmer B J, Sijbesma R P, Meijer E W. Unexpectetopy-driven ring-opening polymerization in a resible
supramolecular system. J. Am. Chem..&f01;123:2093-2094

249 Folmer B J, Sijbesma, R P, Kooijman H, Speck Meijjer E W. Cooperative dynamics in duplexes o€lstal
hydrogen-bonded moieties. J. Am. Chem..9889;121: 9001-9007.

20 ange R F M, Van Gurp M, Meijer E W. Hydrogen-beddsupramolecular polymer networks. J. Polym. Sci.
Part A: Polym. Chem.1999;37:3657-3670

%1 yamauchi K, Lizotte J R, Hercules D M, Vergne MLdng T E. Combinations of microphase separatioth an
terminal multiple hydrogen bonding in novel macrdecoles. J. Am. Chem. Sa2002;124: 8599-8604.

%2 Berl V, Huc |, Khoury R G, Lehn, J-M. Helical melgar programming: Supramolecular double helices by
dimerization of helical oligopyridine-dicarboxamidgands. Chem-Eur J. 2001;7:2810-2820.

%3 |lhan F, Galow T H, Gray M, Clavier G, Rotello V.MGiant vesicle formation through self-assembly of

complementary random copolymers. J. Am. Chem. 30@0;122:5895-5896.

%4 lhan F, Gray M, Rotello V M. Reversible side ananodification through noncovalent interactionslutPand
play” polymers. Macromolecule2001;34:2597-2601.

2> Thibault R J, Hotchkiss P J, Gray M, Rotello V Thermally reversible formation of microspheres thgio non-
covalent polymer cross-linking. J. Am. Chem. S2@03;125:11249-11252.

2% McKee MG, Long TE. Polym. Prepr. (Am Chem Soc, BiMym Chem)2004;45:130-131.

%7yamauchi K, Lizotte J R, Long T E. Thermoreversipbly(alkyl acrylates) consisting of self-complettay
multiple hydrogen bonding. Macromolecules 2003;883-1088.
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were used to systematically screen intermolecuitgractions and ascertain the influence of
hydrogen bonding on the electrospinning processithBrmore, poly (methyl methacrylate-

methacrylic acid) random copolymers (PMM&PMAA) were also synthesized in order to
compare the influence of dimeric associations irb@aylic acids versus multiple hydrogen
bonding in a self-complementary fashion. Heretnjsi demonstrated that deviations from
existing rheological/electrospinning empirical tedaships arise for polymer solutions with

hydrogen bonding associations.

5.3 Experimental

5.3.1 Materials

All reagents were used without further purificatiodethyl methacrylate (MMA) ant
butyl methacrylatet{BM) were purchased from Sigma Aldrich and passedutjh a neutral
alumina column to remove radical inhibitorsp-Toluene sulfonic acidptTSA) and 2,2'-
azobisisobutyronitrile (AIBN) were purchased fronhddAch and used as received. The UPy
methacrylate monomer was synthesized in our laboestand a detailed synthetic methodology
was published earliér’ All other solvents and reagents were purchaseth fcommercial
sources and were used without further purification.
5.3.2 Instrumentation

Molar masses were determined at’@in tetrahydrofuran (HPLC grade) at 1 mL fhin
using polystyrene standards on a Waters SEC edqliipfté 3 in-line PLgel 5nm MIXED-C
columns with an autosampler, a 410 RI detector,iscdfek 270 dual detector and an in-line
Wyatt Technologies miniDawn multiple angle lasaghti scattering (MALLS) detector.'H
NMR spectroscopy was performed on a Varian Unity gf@€ctrometer at 400 MHz in CDCir
THF-dg. Solution rheology was performed with a VOR Bohbtrain-controlled solution
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rheometer at 2% 0.2 °C using a concentric cylinder geometry. Electrosplber diameter and
morphology were analyzed using a Pet550 field emission scanning electron microscope
(FESEM). Fibers for FESEM analysis were collectedaotv4” X 1/4” stainless steel mesh,
mounted onto an SEM disc, and sputter-coated with8amm Pt/Au layer. Solution
conductivities were measured with an Oakton t8stdodel 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-BMA (1.5 g, 10.5 mmol) monomers were added to a 250
mL round-bottomed flask, which contained a magnstiicbar, and diluted with ethyl acetate (80
g, 80 wt%). Finally, the initiator AIBN (20 mg, Dwt%) was added to the reaction vessel. The
round-bottomed flask was equipped with a water eosdr, sparged with,Nor 10 minutes, and
placed in a 70°C oil bath. The polymerization was allowed to med for 24 h under
continuous N flow. The polymer was precipitated into 1000 miLneethanol and dried under
vacuum at 80C for 24 h. For the acid-catalyzed hydrolysis & #tf8BMA containing copolymer
precursor to form the methacrylic acid unit, thelased polymer was dissolved in dioxane (200
g, 90 wt%) in a 500 mL round-bottomed flask, and tatalyspp-TSA (70 mg, 5 wt%-BMA)
was added to the reaction vessel. The round-betloffask was equipped with a water
condenser and heated in a 180 oil bath for 24 h under N The hydrolyzed product,
poly(methyl methacrylateo-methacrylic acid) (PMMAco-PMAA) copolymer, was
subsequently precipitated into methanol. Quamntgahydrolysis of thet-butyl ester to the

carboxylic acid was confirmed usifl§ NMR spectroscopy.
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5.3.4 Synthesis of poly(methyl methacrylate-co-UPy methacrylate) (FAvidd-UPyMA)
MMA (15 g, 150 mmol) and UPgnethacrylate (2.2 g, 7.9 mmol) monomers were added

to a 250 mL round-bottomed flask with a magnetic lsar and diluted with THF (200 g, 92
wt%). Finally, the initiator AIBN (17 mg, 0.1 wt%yas added to the reaction vessel. The round-
bottomed flask was equipped with a water condersgarged with AN for 10 minutes, and
placed in a 70°C oil bath. The polymerization was allowed to @med for 24 h under
continuous N flow. The polymer was precipitated into 1000 mLa09:1 methanol: water
solution and dried under vacuum at 8D for 24 h. Quantitative incorporation of the UPy
methacrylate was confirmed usittg NMR spectroscopy.
5.3.5 Electrospinning Process

The copolymers were dissolved in a mixture of CH&hd dimethyl formamide (DMF) at
various concentrations and placed in a 20 mL sginvghich was mounted in a syringe pump
(KD Scientific Inc, New Hope, PA). The positivaabkof a high voltage power supply (Spellman
CZE1000R; Spellman High Voltage Electronics Corfiorg was connected to the 18-gauge
syringe needle via an alligator clip. A groundetktal target (304-stainless steel mesh screen)
was placed 24 cm from the needle tip. The syringmp delivered the polymer solution at a

controlled flow rate of 6 mL/h, while the voltagesvmaintained at 22 kV.

5.4 Results and Discussion

5.4.1 Synthesis and characterization of poly(alkyl methacrylatesh wendant carboxylic acid
and UPy groups
The free radical polymerizations of the alkyl metlydate monomers were conducted at

70 °C using a conventional azo initiator, and high roolar weight PMMA, PMMA€eo-PMAA,
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and PMMA-<co-UpyMA were prepared. Figures 5.1 and 5.2 depietdinthetic methodologies
for the preparation of PMMAo-PMAA and PMMA-co-UPYMA, respectively. Acid-catalyzed
hydrolysis of a PMMAeo-PtBMA precursor resulted in the quantitative forimatof a well
defined methacrylic acid containing random copolgmeThe carboxylic acid containing
copolymer was not synthesized directly from MMA anethacrylic acid due to the disparity in
reactivity ratios of monomers, while the reactiviggios of MMA andi-BMA lend themselves to
random copolymerizatioff® Similarly, a random sequence of MMA and UPy metylace
units is assumed in the copolymer since the glemssition temperature of UPy containing
polymers increase in a linear fashion with the Wksthacrylate compositionincorporation of
the UPy methacrylate monomer was limited to 5 maidé to insolubility of the monomer at
higher concentrations under typical polymerizatmonditions. Consequently, the carboxylic
acid composition in the PMMAo-PMAA was also intentionally limited to 5 mol% torelctly
compare the electrospinning performance of the ¢topolymers. Table 5.1 summarizes the
weight average molar madd,() and percent hydrogen bonding functionality fa dopolymers.
TheM,, of the three copolymers were nearly equivaleranrattempt to reduce molecular weight
effects on the rheological performance and eleptnosng behavior.
5.4.2 Influence of hydrogen bonding on solution rheology ang C

The copolymers were dissolved in a range of DRAE(37 at 25C) and CHO (D = 4.8
at 25°C) cosolvent compositions, which varied from 100%dPto 20/80 DMF/CHCG w/w at
copolymer concentrations from 2 wt% to 14 wt%. As tlielectric constant of the solvent was
varied, the degree of association between the lggdrbonding groups was effectively tuned due

to systematic screening of intermolecular intecardi Other researchers have also controlled

28 Brandup J, Immergut E H, Grukle E A" Edition Polymer handbook, 4. New York: Wiley; 1999

132
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\ 70 °C /’\
10 wt% solids in dioxane
_
/FO /PO ;:o 0
o X /T\ y 100 °C, 48 h, N S X HO

Figure 5.1. Free radical polymerization of polythy methacrylateco-t-butyl methacrylate)

MMA 5 mol% tBMA

and the acid-catalyzed hydrolysis of ptBMA.
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Figure 5.2. Preparation of PMMé&a-UPyMA via free radical polymerization.
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Table 5.1. Copolymer compositions and molar masa fibr the poly(alkyl methacrylate) series.

Poly(alkyl methacrylate) Functionality My Mw/Mp
Composition (g/mol)°
(mol %}
PMMA 0 210,000 1.77
PMMA-co-PMAA 5.0 213,000 1.72
PMMA-co-UPYyMA 5.0 183,000 1.85

NMR conditions: 25C, THF-d, 400 MHz

®SEC conditions: THF, MALLS, 46C
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the degree of hydrogen bonding with solvent potdnt?°®?®* Shear rate sweeps from 80 to
>1000 & were performed at 23 0.2 °C on the copolymer solutions to determine the
dependence of specific viscositysf) on concentration. The entanglement concentratias
measured using the same procedure outlined in €@h3aptDespite the high elongation rates that
are imposed on jets during electrospinning as raeat previously, the present work focuses
only on shear rheology measurements as a meareteomineC.. For neutral, non-associating,
linear polymerss,~ C *°in the semi-dilute unentangled regime, &g~ C *® or hg,~ C *7in

the semi-dilute entangled regime depending on vendtie polymer is in a theta solvent or good
solvent, respectivel$f?

Figure 5.3 indicates tha€C. for PMMA was approximately 6 wt% and did not
significantly change as a function of cosolvent position. AlthoughC, was relatively
independent of solvent compositiof, increased in the semi-dilute unentangled regimthas
CHCI; content increased, suggesting that CHEla better solvent for PMMA than DMF. In
addition, thehs, power law exponent decreased from 4.5 in DMF t0i8.20/80 DMF/CHC}
w/w in the semi-dilute entangled regime, which liertindicates that CHEvas a better solvent.
This observation is consistent with the reportddtree solubility parameters for PMMA and the

two solvents @pwma = 18.3,dcrciz = 19.0, andloyr = 24.8 [MPa}’?).?® Typically, A, increases

29 5chenning A P H J, Jonkheijm P, Peeters E, MEijéf. Hierarchical order in supramolecular asserstdie
hydrogen-bonded oligp{phenylene vinylene)s. J. Am. Chem. Soc. 2001;1ZB416.

#0Cheuk KK L, Lam JW Y, Chen J, Lai L M, Tang BA&mino acid-containing polyacetylenes: synthesis,
hydrogen bonding, chirality transcription, and ehiaelicity of amphiphilic poly(phenylacetylene)sgang L-
leucine pendants. Macromolecules 2003;36:5947-5959.

#1Boileau S, Bouteiller L, Laupretre F, Lortie F.I@ale supramolecular polymers based on urea conjsoitiew
J. Chem. 2000;24:845-848.

%2 Colby R H, Rubinstein M. Two-parameter scalinggofymers ing solvent. Macromolecules 1990;23:2753-
2757.
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Figure 5.3. Thes, dependence on concentration for PMME. was approximately 6 wt% and

independent of solvent polarity.
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with solvent quality for dilute or semi-dilute untangled chains due to a stronger apparent
repulsive force between chain segments, apdlecreases with solvent quality for chains in the
entangled regime. Isono and Nagawasa conjectina&dtite increase i, with decreasing
solvent quality in the entangled regime is due tgemter number of entanglement couplings in
the poor solvent, which result from stronger ativacforces between the chain segméfits.
Later, Colby and Rubinstein described this phenamenmsing a two-parameter scaling
relationship for polymers in the entangled regfftfeThus, PMMA did not aggregate in solution
since C. was insensitive to solvent polarity. Similari@e of the PMMAco-PMAA (5 mol%
PMAA) solutions was approximately 6.5 wt% and indegent of solvent composition and
dielectric constant, which also indicated that tba&rboxylic acid groups did not form
intermolecular associations in solution.

In sharp contrast, Figure 5.4 shows the dependehdg, on concentration for the
PMMA-co-UPyMA solutions in various cosolvent compositioniBhe transition from the semi-
dilute unentangled to the semi-dilute entangledmegC,, was a strong function of solvent
polarity. TheC. decreased from 7.5 wt% in DMF to 4.0 wt% in 20/8ARICHCI; w/w due to
increased intermolecular associations between tRg gfoups with decreasing value of the
dielectric constant. Moreover, the slope in theaegked regime was highly dependent on the
relative solvent polarity. As mentioned previoys$jopes in the entangled regime for non-
associating polymer solutions are generally betwgéh and 4.8 depending on the solvent
quality. The dependency for the PMM#&-UPYMA solutions was much greater in non-polar
solvents suggesting hydrogen bonding between th@ngo chains. In particular, the power law

exponent systematically increased from 4.5 to 8.tha solvent composition was changed from

#3|sono T, Nagasawa M. Solvent effects on rheoldgioaperties of polymer solutions. Macromolecules
1980;13:862-867.
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Figure 5.4. Thehs, dependence on concentration for PMM&UPYMA (5 mol%). Ce
systematically decreased and power law dependeystensatically increased with nonpolar

solvent indicating strong hydrogen bond association
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100% DMF to 20/80 DMF/CHGIw/w. The increase in power law exponent with @asing
associations is in accordance with theoretical iptieths by Rubinstein and SemerfS¢. Table
5.2 summarizes the power law exponents in the sidaote entangled regime arg} for the three
copolymers in various solvents.

Hydrogen bonding between the UPy groups is evideiitigure 5.5, which depicts the
viscosity of the PMMAeo-UpyMA and PMMA solutions in both DMF and a 20/80 DNIFCl;
w/w cosolvent. Thels, in the semi-dilute unentangled and entangled regifor PMMA and
PMMA-co-UPyYMA were virtually identical in DMF since both lg¢alkyl methacrylates) had
nearly the samm,, and DMF sufficiently disrupts any hydrogen bondioggween the UPy units.
The viscosities of the two polymers were drastycdifferent when compared in the relatively
nonpolar 20/80 DMF/CHGIw/w cosolvent, which allowed aggregation of theyURodified
chains. In the semi-dilute entangled regime,/thdor the UPy containing copolymer was more
than 2 orders of magnitude higher than fgefor PMMA.

5.4.3 Influence of hydrogen bonding on electrospinning of poly(alkyl methacrylates)

Electrospinning studies of the three poly(alkyltnaerylate) random copolymers were
performed at standard processing conditions (226kwiL/h, 24 cm distance from the syringe tip
to target, room temperature) to discern the infbgeaf hydrogen bonding on electrospun fiber
morphology. The copolymers were electrospun frotatn in various solvent compositions at
concentrations spanning the semi-dilute unentangled the semi-dilute entangled regimes.
Solution rheology and electrospinning conditionstfee three copolymers were nearly identical

(~ 25°C and DMF/CHC{ cosolvent), in an attempt to ensure consistentddghamic chain

%4 Rubinstein M, Semenov A N. Dynamics of entangleldtions of associating polymers. Macromolecules.
2001;34:1058-1068.
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Table 5.2. Entanglement concentration and powerdependence in the semi-dilute entangled

regime for poly(alkyl methacrylates) with hydrogesnding capabilities.

Poly(alkyl methacryalte) Solvent Ce Power Law Exponeft
Composition (w/w) (wt %)*
DMF 6.5 4.5
60/40 DMF/CHC} 6.0 3.9
PMMA
40/60 DMF/CHC} 6.0 3.5
80/20 DMF/CHC} 6.0 3.2
DMF 6.5 4.2
PMMA-co-PMAA 60/40 DMF/CHC} 6.5 3.6
40/60 DMF/CHC} 6.5 3.2
DMF 7.5 4.9
60/40 DMF/CHC} 5.0 5.0
PMMA-co-UPyMA
40/60 DMF/CHC} 4.5 6.1
80/20 DMF/CHC} 4.0 8.0

®Solution rheology conditions: Z%&, concentric cylinder geometry
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Figure 5.5. Comparison of PMMA and PMMz#s-UPyMA in DMF and 20/80 DMF/CHGIw/w
cosolvent. There is no significant difference iMB due to screening of UPy groups, while the

hsp in CHCL cosolvent is 2 orders of magnitude greater for PMdAJPYMA compared to

PMMA.
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conformations. As mentioned in Chapter 3, the muth concentration required to form beaded
nanofibers for a series of linear and randomly bhad polyesters waS.. Figure 5.6 shows
FESEM images of the PMMA fibers electrospun from thmisdilute unentangled and semi-
dilute entangled regimes in 60/40 DMF/CH@l/w solvent. All FESEM images were collected
at the same magnification. Polymer droplets wemagrily formed belowC, (Figure 5.6a) due
to insufficient entanglements in solution. Fibersre first evident between the dropletsCat
(Figure 5.6b) due to the onset of entanglement looggpbetween chains. As the concentration
was increased abov@., beaded fibers (Figures 5.6¢ and 5.6d) and unifidoers (Figure 5.6e
and 5.6f) were formed due to the entanglement ooyl between the PMMA chains.
Electrospinning PMMA from the other cosolvent compoas listed in Table 5.2 also produced
polymer droplets belowC. and fibers aboveC.. Similar results were obtained from
electrospinning studies of the PMMz#o-PMAA random copolymers.

Electrospinning PMMA abov€, from solvents solvent compositions yielded fiberth
average diameters that scaled with normalized curat@®n to approximately the 2.7 power,
which is consistent with the correlation previouslgveloped for nonassociating linear and
branched polyesters. As shown in Figure 5.7, trezame diameters of PMMA fibers were in
excellent agreement with Eq. (3.2) predictionsi¢sblack line). The error bars represent the
distribution of fiber diameters as determined usFGSEM. Slight variation in the fiber
diameter size was observed depending on solvenpasition used for electrospinning due to
the increased volatility of CHEI

Electrospinning PMMAco-PMAA fibers from 60/40 DMF/CHGI w/w and 40/60
DMF/CHCI; w/w solvent compositions yielded fibers in goodesmgment with the predicted fiber

size in Equation (19). However, in Figure 5.8, éiverage fiber diameter was significantly lower
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Figure 5.6. FESEM images of PMMA fibersl{ = 210,000 g/molC. = 6 wt%) electrospun

from 60/40 DMF/CHC{ cosolvent at several concentrations (5 to 10 wt%).
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Figure 5.7. Fiber diameter v€/C, for PMMA electrospun from various solvents. Theidsol
black line represents a correlation previously ttgyed for linear and branched, non-associating

polymers.
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Figure 5.8. Fiber diameter v€/C, for PMMA-co-PMAA electrospun from various solvents.
The solid-black line represents a correlation presiy developed for linear and branched, non-

associating polymers.
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than predicted when PMMAe-PMAA was electrospun from DMF. The relatively high
dielectric constant for DMF (37 at 2%) caused the carboxylic acid groups to dissodmate
solution, which resulted in the production of srealliameter PMMAco-PMAA fibers. 1t is
well known that polymer solutions doped with salissociate into positive and negative ions,
resulting in a higher net charge density in thectebspinning jet, and thinner fibers due to a
larger charge repulsion of the f8t.A similar phenomenon was observed for electrospmn
PMMA-co-PMAA from DMF, however the net charge density wasrald by the dissociation of
the carboxylic acid group instead of addition okalt. Figure 5.9 shows the variation in
conductivity for 10 wt% solutions of PMMA, PMMA&e-PMAA, and PMMA<oc-UPyMA as a
function of solvent composition. The conductivitgreased for the PMMAo-PMAA solutions
with DMF composition due to the higher affinity fdissociation of the carboxylic acid groups.
Moreover, the conductivity for PMMAo-PMAA solutions was approximately 2 to 3 times
higher than PMMA or PMMAeco-UPYMA solutions, thereby resulting in smaller étespun
fibers. It is presumed that dimerization will occbetween carboxylic acid groups in
DMF/CHCI; cosolvent at higher methacrylic acid comonomer mositions since other
researchers have observed carboxylic acids aseodafor acetic acid and formic acid in
CHCI5.2% Although, a systematic study on carboxylic aditietization at low methacrylic acid
compositions in CHGlhas not been performed

Figure 5.10 shows FESEM images of PMMA&UPYMA fibers spun from a 60/40
DMF/CHCI; w/w cosolvent. Consistent with electrospinningules of the PMMA and PMMA-

co-PMAA, polymer droplets were primarily formed frotmetsemi-dilute unentangled regime

55 Colominas C, Teixido J, Cemeli J, Luque F J, Oodgk Dimerization of carboxylic acids: reliabilityf
theoretical calculations and the effect of solvdnfPhys. Chem. B. 1998;102:2269-2276.
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(Figure 5.10a). AL, polymer fibers were prevalent due to entanglenoeniplings (Figure
5.10b). Slightly abov€,, the number of polymer droplets decreased (Fi§utéc) and, as the
concentration was further increased abdwge the droplets changed to an elongated bead
morphology (Figure 5.10d). Finally, bead-free fibevere electrospun from solutions of
approximately 2 time€, (Figures 5.10e and 5.10f). Electrospinning PMEAUPYMA from

the other solvent compositions listed in Table pr@duced the same fiber morphology with
respect taCe.

The diameters of the PMMA&e-UpyMA copolymer fibers were highly dependent on the
dielectric constant of the electrospinning solvenEigure 5.11 shows the fiber diameter
dependence on concentration for the UPy contaioopmplymers. Fibers that were electrospun
from DMF showed a 3.2 power law exponent, which agsistent with the other poly(alkyl
methacrylates) in various cosolvent compositioidowever, as the dielectric constant of the
solvent decreased, the relationship between fibermeter and concentration became
progressively stronger with power law exponentd.8f 4.9, and 6.2 corresponding to cosolvent
compositions of 40/60, 60/40, and 20/80 DMF/Ckgiw respectively. The stronger power law
dependence was attributed to increased interm@eduidrogen bonding between the UPy
groups in the CHGlcosolvents. Larger diameter fibers were electrosgmithe CHGlcosolvent
was increased resulting from more intermoleculatrbgen bonding between the UPy groups
and increasing the apparent molecular weight optilgmer chains. In Figure 5.12, the PMMA-
co-UPy fibers that were electrospun from the low elitiic solvents deviated significantly from
diameters of the predictions based on Equation) 82non-associating polymer chains (solid
black line). Moreover, the degree of deviation @ased as the dielectric constant of the

electrospinning solvent decreased and the numhbatesmolecular hydrogen bonding
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Figure 5.12. Fiber diameter \&IC, for PMMA-co-UPyMA electrospun from various solvents.
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associations increased. Figure 5.13 shows thendepee of fiber diameter on the solutiG
and a relatively good correlation for PMMA and PMMAPMAA solutions was observed. On
the other hand, PMMAo-UPYyMA fibers were slightly larger for an equivalewniscosity,
although the lack of correlation of fiber diameteas not as large as in Figure 38 for higher
CHCI; concentrations. The large deviation from therfibiameter -C/C, relationship is due to

the strong concentration dependencégiior compositions with hydrogen bonding groups
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Figure 5.13. Fiber diameter dependence of zerordiaa viscosity for a series of poly(alkyl
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5.5 Conclusions

The PMMA and PMMAeo-PMAA solutions did not show viscosity enhancement o
decrease i€, as a function of solvent polarity suggesting asesice of intermolecular hydrogen
bonds between the carboxylic acid groups. The PMM& RMMA-co-PMAA fiber diameters
were in excellent agreement with previous solutibeology/electrospinning relationships that
were developed for linear and branched non-assogipblymers with the exception of PMMA-
co-PMAA in DMF. The PMMA<co-PMAA fibers were smaller in diameter than predicidten
electrospun from DMF, which resulted from dissooatiof the carboxylic acid groups and
increased solution conductivity. The copolymersattivere functionalized with the much
stronger hydrogen bonding UPy groups displayed gaifstant increase in intermolecular
associations with decreasing solvent dielectricstanmt, observed by increased viscosities and
lower Ce. In particular, the dependence of viscosity adbncentration was much greater with
the PMMA-<co-UPyMA polymers than for the non-associating polysnandC.was significantly
higher in DMF relative to the 20/80 DMF/CHCIlw/w cosolvent. Moreover, strong
intermolecular associations between the UPy groupese readily observed in the nonpolar
solvents with the production of significantly largelectrospun fibers due to an increased
effective molar mass of the polymer chains. The PM&dUPYMA fibers deviated
significantly from the correlation of average fibdiameter to normalized concentratid®yCe)

developed previously for non-associating chains.
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Chapter 6. Influence of Random Branching on Multipke Hydrogen

Bonding in Poly(alkyl methacrylate)s

(McKee M G, Elkins C L, Park T, Long T Blacromolecule2005 38:6015-6023)

6.1 Abstract

A series of linear and randomly branched poly(alkthacrylate)s with pendant 2-
ureido-4[H]-pyrimidone (UPy) groups, which form quadruple hygen bonds, were
synthesized and the role of molecular topology otermolecular hydrogen bonding was
investigated. In solution rheological studies ofyfmethyl methacrylateo-UPy methacrylate)
(PMMA-co-UPyMA) copolymers, a branched copolymer in the asseciated state displayed a
larger entanglement concentratidy)(than a linear copolymer of equal molar mass. éicew,

C. of the branched copolymer approached@hef the linear analog as the degree of hydrogen
bond associations increased in solution, which ssiggl the reduced chain dimensions of the
branched structure were overcome upon intermoleagisociation of the UPy groups. A series
of linear and branched poly(2-ethylhexyl methadeAao-UPy methacrylate) (PEHMAeo-
UPyYMA) copolymers with 0 to 10 mol% UPy were utilikéor melt rheological studies. A
decrease in zero shear viscosifyp)(and relaxation time suggested that branching aediu
entanglement couplings for the unfunctionalized REHhomopolymer, and thef, and
relaxation time of the branched and linear polynaggroached each another as the UPy content
was increased from 0 to 10 mol%. Furthermore,h&s WPy content was increased in the
copolymer, the plateau moduluG\’) systematically increased and the plateau region

systematically broadened independent of the cheshitacture. Thus, reversible hydrogen
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bonding associations between UPy groups domindtedriieological behavior of linear and

branched chains in both solution and the melt phase

6.2 Introduction

The introduction of branching dramatically influescthe melt, solution, and solid-state
properties of polymer&?267:268269 pjike short chain branches (SCB), long chainnbhas
(LCB) significantly alter polymer flow propertiesnse the branch length is sufficiently long to
form entanglement couplingd} In general, LCB are utilized to control rheolagicand
processing properties, while SCB influence therbelliavior and mechanical properties. The
dependence of viscosity on shear rate is drastichiferent for LCB polymers compared to
linear analogs. For example, branched polymerergdig have significantly higher viscosities
at low shear rates and significantly lower visdesitat high shear rates due to shear thinning
compared to a linear polymer of equal molar nfAssSeveral branching parameters influence
solution and melt rheological behavior includinguteh length, degree of branching, and chain

architecture (random, star-branched, comb, H-breshcletc.). A recent review from our

%% ong V C, Berry G C, Hobbs L M. Solution and bplfoperties of branched polyvinyl acetates IV — Melt
viscosity. Polymer. 1964;5:517-524.

%7 Burchard W. Solution properties of branched maaiesules. Adv. Polym. Sci. 1999;143:111-194.

28 Mandelkern, L. Crystallization of polymers. VolurheEquilibrium concepts. Cambridge University Pre§92
29 Colby R H, Janzen J. Diagnosing long-chain bramgln polyethylenes. J Mol. Struct. 1999;485-4868:584.

279 _usignan C P, Mourey T H, Wilson J C, Colby R Hsttielasticity of randomly branched polymer in the
vulcanization class. Phys. Rev. E. 1999;60:56579566

2L Wood-Adams P, Dealy J M, deGroot A W, Redwine GEBect of molecular structure on the linear videséc
behavior of polyethylene. Macromolecules. 2000;38977499.
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laboratories has summarized the effect of branchimgnelt, solution, and solid-state polyester
properties’?

The zero shear rate viscosity) dependence on weight average molar mislgs is well
known for linear, flexible polymer chaifi§® Below a critical entanglement molar mask)( the
chains are unentangled in the melt, amdscales proportionally tdl,. Above M., where
entanglement couplings dominate the flow propertfgsfollows a 3.4 power law dependence
with M,,. Researchers have shown that a significant deediftom the/,-M,, relationship exists
for branched chains due to a reduced hydrodynawlieme at low molar mass and increased
entanglement couplings at higher molar nfd8s. In particular, star polymers exhibit an
exponential increase iy with arm molecular weight M2)?">?’¢ and Lusignanet al
demonstrated that randomly branched polyestersgxi6.0 power law dependence when the
branch molar masdv,) exceedsvi.>’® Due to the exceptionally strong increaséirwith M.,
processing very high molar mass linear and branghagimers is often difficult. Thus,
significant interest has focused on combining cemtiland noncovalent interactions for the
synthesis of polymers that display excellent mewd@hproperties at ambient temperatures, and

thermoreversibility at processing temperatures.

22 McKee M G, Unal S, Wilkes G L, Long T E. Branchealyesters: recent advances in synthesis and peafore
Prog. Polym. Sci2005;30:507-539.

23 Graessly, W. W. Viscoelasticity and flow in polynmeelts and concentrated solutions. Physical Ptigseof
Polymers1984p.97-153

?"Rosu R F, Shanks R A, Bhattacharya S N. Dynamiclogy of branched poly(ethylene terephthalate)yiol
Int. 2000;49:203-208.

2’5 Kraus G, Gruver J G. Rheological properties oftiobéin polybutadienes J. Polym. Sci., Part A: Folhem.
1965;3:105-122.

27 pfeiffer G, Gorda K R. J. Star-shaped condensataymers: synthesis, characterization, and blengerties. J.
Appl. Polym. Sci. 1993;50:1977-1983
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Meijer and coworkers initially demonstrated supragoalar structure via multiple
hydrogen bonding’ and many researchers have subsequently utilizes timeiltiple hydrogen
bonding sites for the formation of associating podys. Research efforts from our laboratories
demonstrated that poly(alkyl acrylates) with peridaareido-4[H]-pyrimidone (UPy) groups,
which form quadruple hydrogen bonds, strongly agate in moderately nonpolar solvents, such
as toluene and chloroform (CH{l and dissociate in relatively more polar solvesish as
tetrahydrofuran (THF3’®  More recently, the influence of UPy groups on thaution
rheological behavior and electrospinning perforneancas displayed for a series of linear
poly(alkyl methacrylate) copolymefs’ However, less attention has focused on the nhelsg
behavior of polymers that are functionalized withltiple hydrogen bonding groups. Staddr
al. observed an increase M and shear thinning onset at lower frequencies wwitheasing
urazole content in melt rheological experimentshwitazole functionalized polybutadien&®.
Moreover, the plateau modulus broadened and slightiyeased with the number of hydrogen
bonding groups per chain, which indicated the fdiomaof thermoreversible crosslinks. In
related work, Stadleet al showed polybutadienes that were modified witlzol& groups that

contain carboxylic acids (4-urazoylbenzoic acidynfed crystalline, supramolecular domains in

"7 sijbesma R P, Beijer F H, Brunsveld L, Folmer B, Hirschberg J H K, Lange R F M, Lowe J K L, Meife W.
Reversible polymers formed using self-complementagnomers using quadruple hydrogen bonding. Seienc
1997;278:1601-1604.

2’8 yamauchi K, Lizotte J R, Long T E. Thermoreversipbly(alkyl acrylates) consisting of self-complertzy
multiple hydrogen bonding. Macromolecules 2003;883:1088.

29 McKee, M. G.; Elkins, C. L.; Long, T. E. The infloce of self complementary multiple hydrogen bogdin
solution rheology/electrospinning relationshipslyier 2004;45:8705-8715.

20 de Lucca Frietas L L, Stadler R. Thermoplastistelmers by hydrogen bonding. 3. Interactions betwee
molecular parameters and rheological propertiexrbtaclecules 1987;20:2478-2485.
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the polymer melt due to the self-assembly of tHaesetional group$®* Many other researchers
have probed the intermolecular associations ofdontaining polymers in melt and solution
rheological studie&®?283:284.285
Intermolecular associations between pendant hydrdgending groups in a polymer

main chain form a reversible physical network gsuie, and these contact points are often
considered reversible branch points. While thengtron of these reversible branches is known
to be a function of temperature, solvent polaraggd mechanical energy, limited attention has
focused on the interplay between multiple hydrolgend associations and covalent branching in
polymers. For instance, intermolecular interactibetween UPy groups may be hindered due to
covalent branching, although the proximity of thByugroup to the covalent branch point is an
important consideration. In facintramolecular UPy associations may be preferred to
intermolecular associations in branched polymers bagnched chains have a smaller

hydrodynamic volume relative to linear chains oliigglent molar mass. Pruthtikat al.

studied associations between hydroxyl and estdroogt groups in hyperbranched and linear

%1 Hilger C, Stadler R. Cooperative structure formatby directed noncovalent interactions in an uappblymer
matrix. 7. Differential scanning calorimetry andadhangle X-ray scattering. Macromolecule390;23:2097-2100.

22 Fetters L J, Graessley W W, Hadjichristidis N, & D, Pearson D S, Younghouse L B. Associatiorakiet of
end-functionalized polymers. 2. Melt rheology ofypgoprenes with carboxylate, amine, and zwitteiéowl groups.
Macromolecule4988;21:1644-1653.

23 Gauthier S, Duchesne D, Eiesenberg A. Vinylprigimionomers: 1. Influence of the structure of the dn the
state of aggregation in random styrene-based sgstdacromolecules 1987;20:753-759.

284 ngarwal P K, Lundberg R D. Viscoelastic behavibroncentrated oil solutions of sulf polymers. 2EM and
zinc sulfo-EPDMs. Macromolecules 1984;17:1918-1928.

285 pngarwal P K, Lundberg R D. Viscoelastic behavibroncentrated oil solutions of sulf polymers. 3adwesium
and barium sulfo-EPDMs. Macromolecules 1984;17:19282.
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polymers®® They observed functional groups were screenedl,cansequently the degree of
associations decreased in the branched architesalueeto their compact, globular structures.

In the present work, the interplay between covateahching and noncovalent reversible
branching is probed using solution and melt rheplodrirst, the influence of branching on
solution rheology and the entanglement concentrai@) was determined for poly(methyl
methacrylate) PMMA. Branched PMMA copolymers with pamdUPy groups (PMMAso-
UPyMA) were synthesized to determine the influeniceranching and hydrogen bonding on the
solution rheological behavior.  Solution rheol@istudies were performed on PMM&-
UPYMA copolymers, and melt rheological studies weegformed on a lower glass transition
temperature Tg) poly(2-ethylhexyl methacrylatee-UPy methacrylate) (PEHMAs0-UPYMA)
series. PEHMAco-UPYMA copolymers were utilized for the melt studgasce unlike PMMA-
co-UPyMA, these copolymers posses3gower than the UPy hydrogen bonding dissociation

temperature (typically in the range of 80 — 200"

6.3 Experimental Section

6.3.1 Materials

All reagents were used without further purificatiomethyl methacrylate (MMA) and 2-
ethylhexyl methacrylate (EHMA) were purchased froign&a Aldrich and passed through a
neutral alumina column to remove radical inhibitoEthylene glycol dimethacrylate (EGDMA)
and 2,2’-azobisisobutyronitrile (AIBN) were purckdsfrom Aldrich and used as received. The

UPy methacrylate monomer was synthesized in ouorddbries and a detailed synthetic

28 prythtikul R, Coleman M M, Painter P C, Beck TarS¥reening effects in solutions of a hyperbranched
dendrimer-like polyester. Macromolecules 2001;34%4150.
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methodology was published earlfé?. All other solvents and reagents were purchasedh fro
commercial sources and were used without furthafigation.
6.3.2 Instrumentation

Molar masses were determined at@0in tetrahydrofuran (HPLC grade) at 1 mL fhin
using polystyrene standards on a Waters 717 AutplesirSEC system equipped with 3 in-line
PLgel 5mm MIXED-C columns, Waters 410 RI detector, ViscoB®#0 dual detector, and an in-
line Wyatt Technology Corp. miniDAWN multiple anglaser light scattering (MALLS)
detector.'H NMR spectroscopy was performed on a Varian Unt§ dpectrometer at 400 MHz
in CDCl; or THFds.

Solution rheology was performed with a VOR Bohlitram-controlled solution
rheometer at 2% 0.2 °C using a concentric cylinder geometry in steadgashmode. Melt
rheology was performed on a TA Instruments AR 16808ss-controlled rheometer. A 25 mm
parallel plate geometry was used for all sampled,sirain amplitudes were limited to the linear
viscoelastic regime over a frequency range of 6.100 Hz. The temperature was varied from
20 to 120°C for PEHMA<o-UPy containing less than 5 mol% UPy. Samples \itfher
degrees of UPy modification were investigated betw&0 and 150C due to an increase iy
with percent functionalization. Time-temperaturgerposition (TTS) was performed on the
linear and branched PEHMée-UPYMA copolymers with a reference temperature of°65
While TTS was obeyed for the linear and randomgnibhed unfunctionalized PEHMA, the UPy
containing copolymers did not obey TTS. The supsitppn breakdown is due to different
temperature dependencies of the chain segmentatelax and hydrogen bonding association
dynamics. This phenomenon is discussed furthéhenresults and discussion section of this

chapter.
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6.3.3 Synthesis of linear and branched PMMA homopolymer and PMMAWRyMA
copolymers)

For the synthesis of linear (0 wt% EGDMA) and rantiobranched PMMA, MMA (25
g, 250 mmol) and EGDMA ranging in concentration frorto 1.0 wt% compared to MMA were
added to a 250 mL round-bottomed flask equippel withagnetic stir bar. The monomers were
diluted with ethyl acetate (100g, 80 wt%), and itm&ator AIBN (0.1 to 1.2 wt% compared to
MMA) was added to the flask. The round-bottomedklavas equipped with a water condenser,
sparged with Mfor 10 minutes, and placed in a 7@ oil bath. The polymerization was allowed
to proceed for 24 h under continuougfddw. The polymer was precipitated into methaaod
dried under vacuum at 9C for 24 h

For the synthesis of PMMAe-UPYMA, MMA (7 g, 70 mmol) and UPynethacrylate
(2.03 g, 3.7 mmol) monomers were added to a 250auhd-bottomed flask with a magnetic stir
bar and diluted with THF (92.3 g, 92 wt%). For #yathesis of randomly branched copolymers
EGDMA (0.80 mg, 0.40 mmol) was also added to thendgebottomed flask. Finally, the
initiator AIBN (40 mg, 0.5 wt%) was added to thacton vessel. The round-bottomed flask was
equipped with a water condenser, sparged witfoN10 minutes, and placed in a % oil bath.
The polymerization was allowed to proceed for 2dnider continuous Nflow. The polymer
was precipitated into 2000 mL of a 9:1 methanolavablution and dried under vacuum at’@0
for 24 h. Quantitative incorporation of the UPythserylate was confirmed usirftgt NMR
spectroscopy.
6.3.4 Synthesis of linear and branched PEHMA-co-UpyMA

EHMA (9 g, 45 mmol) and UPgnethacrylate (1.34 g, 4.8 mmol) monomers were added

to a 250 mL round-bottomed flask with a magnetic lsar and diluted with THF (119 g, 92
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wt%). The quantity of UPy methacrylate was subsetly varied to target different levels of
functionalization of the copolymer. For the symiiseof randomly branched copolymers
EGDMA (107 mg, 0.54 mmol) was also added to the delbottomed flask. Finally, the initiator
AIBN (10.3 mg, 0.1 wt%) was added to the reacti@ssel. The round-bottomed flask was
equipped with a water condenser, sparged witfoN10 minutes, and placed in a 0 oil bath.
The polymerization was allowed to proceed for 2dnider continuous Nflow. The polymer
was precipitated into 2000 mL of methanol and dniedler vacuum at 80C for 24 h.

Quantitative incorporation of the UPy methacrylates confirmed usingH NMR spectroscopy.

6.4 Results and Discussion

6.4.1 Synthesis and characterization of linear and branched poly(alkgthmacrylates) with
pendant UPy groups

Conventional free-radical polymerization methodasgwere utilized to synthesize
linear and branched analogs of the following contrs: PMMA, PMMA-co-UPYMA random
copolymers, and PEHMAe-UPyMA random copolymers. Since thg of a PMMA
homopolymer is higher than the hydrogen bond diatioa temperature of the UPy group, the
PEHMA copolymers were synthesized for the melt rbgichl studies. Both copolymers were
considered random based on the lin€ky increase of the functionalized poly(alkyl
methacrylates) with an increase in UPy molar cotat@m?’® In addition, other researchers
have also observed a linear increaseldnwith an increase in the mol% hydrogen bonding

groups?®’ Table 6.1 shows the reaction conditions, molassnand contraction factorg ) of

%7 de Lucca Freitas L, Jacobi M M, Goncalves G, Bl Microphase separation induced by hydrogemulingrin
a poly(1,4-butadiene) —block-poly(1,4-isoprene)atik copolymer - An example of supramolecular oigation
via tandem interactions. Macromolecsil998;31:3379-3382.
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Table 6.1. Molar mass and contraction factor vafoe® MMA homopolymers.

EGDMA AIBN
Concentration Concentration M, (g/moly’ Mw/M,2 g
(wt%) (Wt%)
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

®SEC conditions: THF, MALLS, viscosity detector, 4D
The contraction factor (g’) measurement has anreasfat .05 based on multiple SEC runs
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the PMMA homopolymers synthesized at°fusing a conventional azo initiator. The ratio of
EGDMA and AIBN was varied to maintain approximatelyualM,, (180 to 232 kg/mol) with
varying levels of branching as measuredgbyl he well established value gf is defined in Eq.

(6.1),

[h ] branched

6.1
[/7] linear ( )

g':

where Plprancheds@nd [f]inear are the intrinsic viscosities of branched anddmehains of equal
molar mass. Since the hydrodynamic volume of adirad chain is smaller than a linear chain
of equal molar massy decreases as the degree of branching incré&es.method for
determining the contraction factors was reportegiipusly®®® As shown in Table 6.1, thg
values range from 1.0 for linear PMMA, synthesizethvdd wt% EGDMA, to 0.42 for highly
branched PMMA, synthesized with 1.0 wt% EGDMA.

Figure 6.1 illustrates the free radical polymeiiat of a branched poly(alkyl
methacrylate) with pendant UPy groups. The cartepicts reversible branch points formed
via hon-covalent association of pendant UPy groupshould be noted that UPy associations in
Scheme 1 are depicted in both an intermolecularistn@molecular fashion. Figure 6.2 shows
the quadruple hydrogen bond interaction betweerdg@nUPy groups for linear PMMA-co-
UPyYMA copolymer. In the limit of complete UPy as&dion, the copolymer forms a reversible
network structure. Table 6.2 summarizes the molassnchemical composition, and branching
data for the linear and branched UPy copolymerserd are a range ®,, values from 110 to

161 kg/mol and 152 to 183 kg/mol for the PEHM&-UPYMA and PMMA<€o-UPYyMA

28Zimm B H, Kilb R W. Dynamics of branched polymer lexules in dilute solution. J. Polym. Sci. Part Bolym.
Phys. 1996;34:1367-1390.

#%Hudson H, MacDonald W A, Neilson A, Richards R We8ington D C. Synthesis and characterization of
nonlinear PETs produced via a balance of brancambEndcapping. Macromolecules. 2000;33:9255-9261
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Figure 6.1. Free radical polymerization of poly(alkyl methaetg) with pendant UPy groups.
The closed circles represent intermolecular assonidetween two UPy groups, while the open

circles represent functional groups in the unasgedistate.

167



N Hee Q\
0= 7\
—He N )—CHs
RS
\
CH3 \ N H—N H
@\\ co
O e H—N
0 o

y Jx
Figure 6.2. Quadruple hydrogen bond interactiorwbeh UPy groups for linear PMMA-co-

UPYMA.
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Table 6.2. UPyMA content and molar mass data foedi and branched poly(alkyl

methacrylates).
EGDMA
Poly(alky UPy Content . a ,a
methacrylate) (molos) Concegtratlon My (@/molf  My/Mj, g
(Wt%)
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
PEHMA-co-UPYMA
5 1.0 132,000 1.92 0.74
10 0 110,000 1.89 1.0
10 1.0 137,000 3.18 0.70

®SEC conditions: THF, MALLS, viscosity detector, 4D

The contraction factor (g’) measurement has anresfat .05 based on multiple SEC runs

169



copolymers respectively. Incorporation of the loggin bonding comonomer in the polymer was
limited to 10 mol% due to limited solubility of thePy methacrylate comonomer into the
polymerization solvent. The polymerization solativas turbid at monomer concentrations
greater than 10 mol% presumably due to limitedlsibty of the UPy methacrylate monomer in
THF.
6.4.2 Effect of random branching and intermolecular interactions aolution rheology
properties and the entanglement concentration

The randomly branched PMMA was dissolved in dimetfggmamide (DMF) at
concentrations ranging from 2 to 15 wt%. Steadyashate sweeps were performed between 90

and 1000$. The specific viscosity/fy), in Eq. (6.2),

s (6.2)

where/s is the solvent viscosity an is the zero shear viscosity, was utilized to detee the
dependence of the branched PMMA solution viscosityconcentration. Colbet al has
measured the entanglement concentrat(@y), (which is defined as the transition between the
semi-dilute unentangled and semi-dilute entangkeginme, from the dependence 6f, on
concentratiorf?° The following scaling arguments are obeyed foutreg chains that do not
C3.75

associate in solutionfis, ~ C **°in the semi-dilute unentangled regime, ag~ C *® or

depending on the solvent qualff. The value ofCe is the concentration in the semi-dilute

20 Colby R H, Fetters L J, Funk W G, Graessley W Weds of concentration and thermodynamic intecactin
the viscoelastic properties of polymer solutionsidkbmolecules. 1991;24:3873-3882.

#1 Colby R H, Rubinstein M. Two-parameter scalinggotymer in theta solvents. Macromolecules. 1992233-
2757.
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regime where chain overlap and interpenetratiomltgpcally constrain motion in the form of
entanglements.

Figure 6.3 illustrates the concentration depenéearicsolution viscosity for four PMMA
homopolymers of approximately equivalévf, and varying levels of branching (g’ ranges from
1.0 to 0.42). The slope in the unentangled regiag approximately 1.4 for all homopolymers
and the slope in the entangled regime was appra&lynd.0, which indicated DMF was slightly
better than & solvent for PMMA. For clarity, th€, of linear PMMA (6.5 wt%) is denoted in
Figure 1 as the break between the two scalingioektips. As g’ decreased from 1.0 (linear
chain) to 0.42C, systematically increased from 6.5 to 14 wt%, whsclggested the branched
chains do not entangle in solution as readily adlittear chains. The inset of Figure 6.3 shows
the variation ofC. with the contraction factor, g'. Other researshbave also shown that
branching dramatically influences the transitioonir unentangled to entangled behavior in
solution?922932%% At constant molar mass, the dimensions of a petysoil decrease with
increased branching, and thus highly branched tgjped have fewer entanglement couplings
with surrounding chains.

Recently, our laboratories have reported the emfbe of quadruple hydrogen bond
associations on solution rheology a@d for linear poly(alkyl methacrylate) copolymers hvit
pendant UPy grougs? In a similar fashion to our earlier studies, tbévent dielectric constant

(D) strongly influenced the level of hydrogen bondaasations in linear and branched

2\IcKee M G, Wilkes G L, Colby R H, Long, T E. Coraéibns of solution rheology with electrospun fiber
formation of linear and branched polyesters. Maaiecules. 2004;37:1760-1767.

#3sendijarevic I, Liberature M W, McHugh A J. Effeftbranching on the rheological properties of sohs of
aromatic etherimide copolymers. J. Rheol. 200124511258

24uliani, Archer L A. Relaxation dynamics of entadyand unentangled multiarm polymer solutions: erpent.
Macromolecules. 2002;35:6953-6960.
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copolymers. The copolymers were dissolved in gumegxof DMF O = 37 at 25C) and CH(
(D = 4.8 at 25C) that ranged from 100% DMF to 20/80 DMF/CH@#w. It is well known
that DMF inhibits hydrogen bonding, and thGg for the linear PMMAeo-UPYMA
systematically decreased with the CE@mposition of the cosolvent due to a larger nunobe
intermolecular associations in solution. Moreovee, dependence @k, on concentration in the
semi-dilute entangled regime increased with theekegf associations in agreement with
predictions by Rubinstein and SemerRdv.A randomly branched PMMA&e-UPYMA was also
synthesized to compare the solution rheology bemnavith the aforementioned linear copolymer
since the interplay between UPy associations aaddhing has not presently been described in
the literature. The dissociation of multiple hyglea bonding sites into a highly branched
architecture is expected to have significant razatfons on both solution and melt processing.
Figure 6.4 depicts the concentration dependencgsobsity for a branched copolymer
(g = 0.85). The branched PMMAe-UPYMA displayed similar behavior to the linear
counterpart a€. systematically decreased from 12 wt% in DMF to %t 20/80 DMF/CH
due to increased intermolecular associations inr¢hagively nonpolar solvent. Moreover, the
power law exponent in the semi-dilute entangledmegincreased with decreasing solvent
polarity, in a similar fashion to the linear copolgr. The power law exponent for the randomly
branched PMMAeo-UPy increased from 4.8 in DMF to 6.5 in the 20/8@EICHCI; cosolvent.
Figure 3 compareS, for the linear and branched PMM#&s-UPyMA copolymer as a function of
solvent polarity. As shown in Table 6.2, the lineand branched PMMAo-UPyMA

copolymers had’ values of 1.0 and 0.85, respectively, while theélan mass and percent

#“Rubinstein M, Semenov A N. Dynamics of entanglddtins of associating polymers. Macromolecules.
2001;34:1058-1068.
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functionalization of the two copolymers were appmnoately equal. When DMF was used as the
solvent, the chains were in the non-associate@,staitd the branched copolymer displayed a
significantly higherC, compared to the linear copolymer due to its smal&in dimensions.
However, as the CHgtomposition of the cosolvent was increased Ghef the branched chain
approached th€, of the linear chain due to the formation of reit#es multiple hydrogen
bonded crosslinks. Consequently, the decreasatanglement couplings due to the branched
architecture was overcome in the limit of complassociation between pendant UPy groups
when the chain behaves as a reversible network.ed¥er, the reduced hydrodynamic volume
of the branched chain does not significantly inhibydrogen bond associations, since a
reversible network formed in the CHCtich solutions for both the linear and branched
topologies.

It is apparent that branched polymers with multiphgdrogen bonding sites afford
significant processing advantages compared to ifumaized, linear analogs of equal molar
mass. In Figure 6.5 the branched chains in theanwgated state (0 mol% CHEpossessed a
largerC. compared to the linear chains, which indicatedefegntanglements couplings between
the branched chains. However, in the associatgd €0 mol% CHG) the linear and branched
chains had nearly equivalent values @y suggesting a similar degree of entanglementsis,Th
the branched copolymers would be significantly éaso process in the unassociated state
compared to the linear copolymers, while still matay sufficient entanglements in the
associated state due to the reversible networktstlof the multiple hydrogen bond sites.

6.4.3 Viscoelasticity of poly(alkyl methacrylates) with pendant UPy groups
The interplay between intermolecular associatioms$ laranching in melt rheology was

also investigated. A series of linear and randdoninched poly(2-ethylhexyl methacrylate-co-
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UPy methacrylate) (PEHMA&e-UPYMA) random copolymers were synthesized with UPyMA
composition ranging from 0 to 10 mol%. Previousltnmeeological experiments with UPy
containing poly(alkyl acrylates) determined that thydrogen bonding dissociation temperature
was approximately 80C.2"® It should be noted that UPy groups reversibly alisgte in an
equilibrium fashion, and thus there is not a digctemperature at which all UPy sites dissociate.
However it is expected that the equilibrium shifisthe non-associated state above’80and
thus it was important to utilize a copolymer witiT@well below 80°C, such as PEHMAo-
UPyMA in the melt studies rather than the highgPMMA-co-UPyYMA copolymers.

As mentioned previously, rheology data for botleéinand randomly branched PEHMA-
co-UPyMA did not permit time-temperature superpositi@TS) treatments. In particular, the
loss modulus @”) isothermal curves did not overlap in the rubbgiateau region for the
hydrogen bonding copolymers. This was attributeditferent temperature dependencies of the
chain relaxation and hydrogen bonding associatiorise PEHMA€o-UPYMA melt dynamics.

In general, it is expected that TTS is valid fangeeratures where the UPy groups are dissociated
and chain entanglements dominate the viscoelassiponse, while TTS should breakdown at
lower temperatures due to a shift in the equiliriaf dissociated UPy groups to the associated
state. Muller, Seidel, and Stadler have also observed bieai of TTS for hydrogen bonding
functionalized chains in melt rheological studigs They reported two transitions in the rubbery
plateau. A high frequency transition in the rulybeegime was attributed to association
dynamics between hydrogen bonding units, while ltveer frequency transition marked the
onset of the terminal regime. Whi® did not obey superposition for the 5 and 10 maJ®Ry

copolymers, the storage modul@®)(displayed relatively good superposition over thaninal

29 Muller M, Seidel U, Stadler R. Influence of hydesgbonding on the viscoelastic properties of theeversible
networks: analysis of the local complex dynamiadyfer 1995;16:3143-3150.
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and rubbery plateau regimes (Figure 6.6). TalBesGows the Williams-Landel-Ferry (WLF)
parametersC; and C,, obtained from shifting th&' data. The producC,C, significantly
increased for 10 mol% UPy functionalized copolymersaccordance with increased flow
activation energies for associating polymers inrttet >’

Figure 6.6 shows th& master curve for the linear and branched PEH80AJPYMA
copolymer at a reference temperature of®5 Isothermal curves were collected at temperature
up to 120°C, which is significantly above the reported 80 hydrogen bond dissociation
temperature. A narrow plateau modul@g) region was observed for the linear and branched
unfunctionalized PEHMA homopolymer, which suggestéeé presence of entanglements.
However, the transition region of the linear homgpwr extended to lower frequencies
compared to the branched PEHMA, since some of thiecbes were not long enough to entangle
and the branch segments relaxed via short timesoations. It is apparent that the functional
groups formedeversiblecross-links due to the presence of a terminalntegior all levels of
UPy content in Figure 6.6. Moreover, the valuggf systematically increased and the plateau
region systematically broadened with the level afltiple hydrogen bonding groups. The
viscoelastic behavior of the UPy modified copolymer qualitatively consistent with previous
experimental result®’ and theoretical predictions for other associatgrper composition?®
The terminal region was shifted to lower frequesces the hydrogen bond associations
disrupted the reptation process of the chains,taadormation of physical crosslinks through
UPy associations was consistent with an increaggyfhwith hydrogen bonding functionality.

However, two distinct plateau regions were not ole for the UPy series. Leibler, Rubinstein,

297 Boils, D.; Perron, M-E,; Monchamp, F.; Duval, Waris, T.; Wuest, J. DMacromolecule€00437:7351.

298| eibler, L.; Rubinstein, M.; Colby, R. Hilacromoleculed991;24:4701-4707.
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Figure 6.6. Storage modulus master curves forPBEIMA-co-UPYMA series (it = 65 °C).
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Table 6.3. WLF parameters that were determinedhiffing G’ data for linear and randomly

branched PEHMAco-UPy

UPy Content
Chain Topology C C, (K) CiC,
(mol%)
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 tharrdbse relaxation time § and shorter than the
time scale at which hydrogen bonding groups disdedi) result in a plateau modulus, which is
a function of both crosslinks and chain entangleseihen, when the hydrogen bonding groups
dissociate at time scales longer tharthe plateau modulus would decrease to the vaiue o
linear chain without hydrogen bond associatitfisAs mentioned previously, two distinct
plateau moduli were experimentally measured foymelrs functionalized with phenylurazole
groups, which form bidendate hydrogen bonds in mptementary fashioff® Unlike the
phenylurazole groups, UPy groups form a quadruptiedgen bond association, which result in
much larger association constakt, & 1 M™ in nonpolar environment$j? Thus, the UPy
association lifetime is relatively longer than th&lendate phenylurazole lifetime, and the
transition for physical crosslinks may extend i@ terminal region, making it difficult to
separate relaxations of chain entanglements andgd bond dissociation. This interpretation
is similar to the proposed melt dynamics of ionanerhere overlap of terminal relaxations and
electrostatic relaxations has been repott@dindeed, it is evident in Figure 4 that the terahin
regime broadened with increasing UPy compositiod, the limiting value ofs’ ~ w? witnessed
for the unfunctionalized PEHMA was not observed.e Términal regime is very sensitive to the
breadth of the molar mass distribution, particylat higher molar mass since different size
chains relax at different timé&" Thus, some fraction of the UPy groups remainedhi

associated state, and effectively broadened thammohss distribution thereby resulting in the

299 Beijjer F H, Sijbesma R P, Kooijman H, Speck A Leijr E W. Strong dimerization of ureidopyrimidonea
guadruple hydrogen bonding. J. Am. Chem..3888;120:6761-6769.

30 Tierney N K, Register R A. Synthesis and melt dgits of model sulfonated ionomers. Macromolecules
2003;36:1170-1177.

301 Graessly W W. Viscoelasticity and flow in polymmaelts and concentrated solutions. Physical Pragsecti
Polymers. 1984 p.97-153.
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broad terminal response. Again, this is consistetht overlap between the relaxations attributed
to chain dynamics and dissociation of UPy groups.

Figure 6.6 also shows that the plateau region amdinal region for the UPy copolymers
were similar for both linear and branched topolegieUnlike the unfunctionalized PEHMA,
where the terminal regime of the linear polymereegtied to lower frequency than the branched
polymer, both the linear and randomly branched Wewtaining copolymers have nearly
identical values ofGy° and terminal transitions. This suggests that rdaersible network
structure based on multiple hydrogen bond assoasitcontrol the melt dynamics independent
of the polymer architecture.

The dynamic viscosity master curve is plotted &snation of the reduced frequency in
Figure 6.7. The linear PEHMA homopolymer had adargalue of/y and displayed shear
thinning behavior at lower frequencies comparethebranched chain. This was attributed to
fewer chain entanglements between the randomlychexh PEHMA due to its reduced chain
dimensions compared to the linear homopolymer afabgnolar mass. The value @k
significantly increased with hydrogen bonding comtdue to strong intermolecular interactions
in the melt. Moreover, the onset of shear thinrshited to lower frequencies with an increase
in the degree of functionalization. The enhanceanreshear thinning of the UPy copolymer was
attributed to the significantly longer relaxatiamés due to the formation of a reversible network
structure. However, the random branching in th&lME-co-UPy copolymers did not hinder
the associations between UPy groups. There whght decrease in the zero shear viscosity for
the branched chain compared to the linear chaeqgagl functionalization level and,, due to

the reduced chain dimensions of the branched palyme
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Figure 6.7 Dynamic viscosity master curves for the PEHM&UPYMA series Trer = 65°C). .
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Figure 6.8 shows the zero shear viscosity enhanteofi¢he UPy containing copolymers
compared to the PEHMA homopolyméetof/ip at 0 mol%) as a function of hydrogen bonding
content. The additiondl, values in Figure 6.8 are from previous melt rhgglmvestigations of
linear UPy containing copolymers performed in abdratories®?> An exponential relationship
exists between viscosity enhancement and mol% ifuradization in agreement with results by
de Lucca Freitas and Stadf&?. The branched copolymers displayed a relative osisg
enhancement approximately equal to the linear Ushtaining copolymers, and there was no
influence of chain topology on the formation ofemholecular UPy associations. Thus, in
accordance with solution rheology behavior, hydrodending between the UPy groups

dominates the melt rheological response for bagHitiear and branched copolymers.

6.5 Conclusions

The interplay between polymer chain architectureé iatermolecular hydrogen bonding
was determined for a series of poly(alkyl methatgd) with pendant UPy groups. The
rheological behavior of linear and branched fun@i@ed copolymers displayed there was no
significant effect of branching on intermoleculaydhogen bonding in a nonpolar solution
environment and the melt phase. A branched PMiMAJPYMA copolymer in the non-
associated state displayed a lar@ercompared to a linear copolymer of equal molar mass
However, C, of the branched copolymer approached that of itheat chain as the degree of

hydrogen bond associations increased in solufidius, the decrease in entanglement couplings

%92Elkins C L, Park T, McKee M G, Long T E. Syntteand characterization of poly(2-ethylhexyl methate)
copolymers containing pendant, self-complementauitipte-hydrogen-bonding sites. Bolym. Sci. Part A:
Polym. Chem. 2005;43:4618-4634.
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due to the reduced chain dimensions of the branstradture was lessened upon intermolecular
associations between UPy groups.

Melt rheological studies showed that branching redube entanglement couplings for a
PEHMA homopolymer as measured by a decrease in/potimd relaxation time. However, as
the degree of UPy functionalization was increasiael/io and the relaxation time of the branched
and linear polymers approached each other. More@agethe content of pendant UPy groups
was increased, the plateau region systematicabpdened and@\’ systematically increased,
which was independent of the polymer topology. Télative zero shear viscosity enhancement
of the branched copolymers was also approximatglyaketo the linear copolymers, which
suggested no influence of chain architecture on finenation of intermolecular UPy
associations. Consequently, hydrogen bonding lestwbee UPy groups dominated the melt

rheological response for both linear and brancheihs.
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Chapter 7. Solution Rheological Behavior and Electyspinning of

Cationic Polyelectrolytes

(McKee M G, Hunley M T, Layman J M, Long T Elacromolecule2005 submitted for
publication)

7.1 Abstract

The influence of polyelectrolyte rheological belavon the electrospinning process was
determined for a series of poly(2-(dimethylaminbyet methacrylate hydrochloride)
(PDMAEMA-HCI) aqueous solutions in the presence ofleati NaCl. Solution rheological
studies revealed that PDMAEMA-HCI in an 80/20 wt/water/methanol cosolvent displayed
polyelectrolyte behavior based on the scaling i@iahip between specific viscositysf) and
concentration in the semi-dilute unentangled andisilute entangled regimes. The
entanglement concentratiod increased with NaCl concentration due to scregroh the
electrostatic repulsive forces along the PDMAEMA-HGackbone, which enabled the
PDMAEMA-HCI chains to adopt a flexible, coil-like cfmmmation. Moreover, the scaling
behavior in the semi-dilute entangled regime stiiftem polyelectrolyte s, ~ C 13 to neutral
polymer behavior s, ~ C *™ in the high salt limit. The electrospinning perhance of
PDMAEMA-HCI solutions was also dependent on NaCl eom@tion, and NaCl free
PDMAEMA-HCI solutions did not form fibers at concaattons less than@. The minimum
concentration for fiber formation decreased aslékel of NaCl was increased due to screening
of the repulsive, electrostatic interactions betwelearged repeating units that served to stabilize
the electrospinning jet. Moreover, due to the hatdctrical conductivity of the polyelectrolyte

solutions, the electrospun polyelectrolyte fibersrav2 to 3 orders of magnitude smaller in
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diameter compared to fibers that were electrospoim fsolutions of neutral polymers of equal

zero shear viscosity”) and normalized concentratioG/C).

7.2 Introduction

Polyelectrolytes contain a charged atom in eackatpg unit, which is balanced by a
cloud of counterions in solution. Salt-free pobafolytes display an extended, rod-like
conformation in aqueous solution due to electr@staharge repulsion along the polymer
backbone and rearrangement of counterions. Constgudhe viscoelastic behavior of

polyelectrolytes differs significantly from neutrpblymers®®

In particular, polyelectrolytes
exhibit a weaker scaling relationship between zshear viscosity /) and concentration
compared to neutral polymers, and polyelectrolgisplay enhanced shear thinning compared to
neutral polymerg®*3%>3%n fact, relaxation times for charged polymerstia semi-dilute region
decreasewith concentration, while relaxation times of malitchains always increase with
polymer concentratioff’ Due to their shear thinning properties, polyetslgtes are used as
d.308

rheological additives where high shear rates arepl@ma Moreover, cationic

393 Muthukumar M. Dynamics of polyelectrolytes. J. @hd>hys. 1997;107:2619-2635.

304 Rubinstein M, Colby R H, Dobrynin A V. Dynamics sémidilute polyelectrolyte solutions. Phys. ResttL
1994;73:2776-2779.

395 Dobrynin A V, Colby R H, Rubinstein M. Scaling thg of polyelectrolytesMacromolecules 1995;28:1859-
1871.

3% Chen S-P, Archer L A. Relaxation of salt-free giégtrolyte solutions using flow birefringence ahgometry J.
Polym. Sci. Part B: Polym. Phys. 1999;37:825-835.

%97 Krause W E, Tan J S, Colby R H. Semidilute sohutioeology of polyelectrolytes with no added saRdlym.
Sci. Part B: Polym. Phys. 1999;37:3429-3437.

398 Zhang L-M, Tan Y-B, Li Z-M. Application of a nevamily of amphoteric cellulose-based graft copolysrees
drilling mud additives. Colloid Polym. Sci. 1999:27001-1004.
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polyelectrolytes are also used as emulsifiers occlilatants for wastewater treatméntand
polyelectrolytes containing quaternary ammonium ugeo are excellent antimicrobial
agents’'9311312 \ore recently, cationic polyelectrolytes were exptbras vectors for gene
delivery due to efficient DNA complexation®

As the polyelectrolyte concentration is increasbdva the overlap concentratiof
electrostatic interactions are screened on lenggles that are larger than the correlation length

> Since

(x) and the chain is considered a random walk fogtlerscales greater than°
polyelectrolytes adopt a rod-like chain conformatio dilute solution, the chain dimensions
undergo greater contraction than neutral chairistatmediate concentrations betwe@nand
the entanglement concentratid@:), which increases the breadth of the semi-dilutentangled
regime.

The viscosity scaling relationships for polyelettte solutions in the semi-dilute

unentangled, semi-dilute entangled, and concentragimes are shown beld?

hg, ~C* for C'<C<Ce (7.1)
hy, ~C" for C<C<Cp
hy, ~C3"® for C>Cp

39 Fernandes R S, Gonzalez G, Lucas E F. Assessiheolymeric flocculants in oily water systems. @uidl
Polym. Sci. 2005;283:375-382.

#1%Kenawy E-R, Malmoud Y A G. Biologically active gohers, 6. Synthesis and antimicrobial activity afe
linear copolymers with quaternary ammonium and phogsium compounds. Macromol. Biosci. 2003;3:107-116

311 cakmuk I, Ulukanli Z, Tuzcu M, Karabuga S, Gendka\Synthesis and characterization of novel antiobil
cationic polyelectrolytes. Eur. Polym. J. 2004;87.2-2379.

312 Grunian J C, Choi J K, Lin A. Antimicrobial behaviof polyelectrolyte multilayer films containingimide
and silver. Biomacromolecules 2005;6:1149-1153.

313 Smedt S C, Demeester J, Hennink W E. PharmacéRtsearch 2000;17:113-126.
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In Eq. (7.1), the specific viscosity is defined/as= (/0 — /5)/ hs, wherehs is the solvent
viscosity, andCp marks the onset of the concentrated regime. Agtimcentration approaches
the concentrated regim€%Cp), the electrostatic interactions are highly sceeeand neutral
polymer solution dynamics are recoverél. Pabonet al observeds, ~ C 37 for salt-free
solutions of poly(acrylamide-co-sodium acrylate}he concentrated regim& The addition of
inorganic salts to polyelectrolyte solutions resuit screening of the charged atoms along the
polymer backbon&®® Consequently, as the electrostatic charges amersed, the charge
repulsion within a polyelectrolyte is reduced ahé thain becomes more coil-like. In fact,
rheological scaling relationships in the semi-dil@ntangled regime reveal a crossover from
polyelectrolyte behavior/, ~ C ) in the absence of added salt, to random coil-lii@utral
polymer behavior s, ~ C *9 at a salt concentration of 0.5 M salt concerdrgtivhich was
considered the high salt linft®>*’

Polyelectrolyte solutions exhibit high electricabnductivities due to movement of
polyions and free counteriod$3'® Solution conductivity was previously shown toulesn

smaller electrospun fiber diameters due to gregtarge repulsion and plastic stretching in the

34 pabon M, Selb J, Candau F. Dynamics of high médeaveight polyelectrolytes. Langmuir 1998;14:73%577
315Boris D C, Colby R H. Rheology of sulfonated poyysne solutions. Macromolecules. 1998:31:5746-5755

318 yamaguchi M, Wakutsu M, Takahashi Y, Noda |. Viskestic properties of polyelectrolyte solutionsZéro-
shear viscosity. Macromolecules 1992;25:470-474.

317 yamaguchi M, Wakutsu M, Takahashi Y, Noda I. Vislestic properties of polyelectrolyte solutionsSgeady
state compliance. Macromolecules 1992;25:475-478.

%8 Bordi F, Colby R H, Cametti C, De Lorenzo L, Gill Electrical conductivity of polyelectrolyte soiois in the
semidilute and concentrated regime: The role ohtemnion condensation. J. Phys. Chem. B. 2002;185-®&893.

319 Colby R H, Boris D C, Krause W E, Tan J S. Palgtlolyte conductivity. J. Polym. Sci. Part B: RalyPhys.
1997;35:2951-29609.
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electrospinning jet?° In particular, the addition of monovalent sattsieutral polymer solutions
increased solution conductivity, and in generad, ¢kectrospinning process generated submicron
fibers on the order of 100 nm to In upon stretching an electrified polymer 3€t. The
resulting non-woven, fibrous mats possess a higkifp surface area, sub-micron pores, and a
high degree of porosity, which resulted in a widage of applications including filtration
devices, membranes, vascular grafts, protectivinioly, molecular templates, tissue scaffolds,
optical devices, and biologically functional fibgf§323:324.325,326,327,328

A polymer solution with sufficient chain overlapcaantanglements undergoes a bending

instability that causes a whip-like motion betwélea capillary tip and the grounded target, and

this motion results in thinning of the jet and fation of sub-micron scale fibe?$*° Fridrikh,

320 Fong H, Chun I, Reneker D H. Beaded nanofibemniéat during electrospinning. 1999;40:4585-4592.

32Reneker D H, Chun I. Nanometre diameter fibersodjer, produced by electrospinning. Nanotechnalogy
1996;7:216-223.

323 i D, Xia Y. Electrospinning of nanofibers: Reimting the wheel? Adv. Mat. 2004;16:1151-1170.

323Gibson P, Schreuder-Gibson H, Rivin D. Transpaopprties of porous membranes based on electrospun
nanofibers. Colloids and Surfaces A: Physiochenaoal Engineering Aspects 2001;187-188:469-481.

$4Kim K, Luu Y K, Chang C, Fang D, Hsiao B S, ChuHBadjiargyrou M. Incorporation and controlled redeaf
a hydrophilic antibiotic using poly(lactide-co-ghlede)-based electrospun nanofibrous scaffoldstnhd wf
Controlled Release 2004;98:47-56.

3K eneway E-R, Bowlin G L, Mansfield K, Layman J, $ison D G, Sanders E H, Wnek G E. Release of
tetracycline hydrochloride from electrospun poliifé¢ne-co-vinylacetate), poly(lactic acid), andlenl. Journal of
Controlled Release 2002;81:57-64.

326 yoshimoto H, Shin Y M, Terai H, Vacanti J P. A Begradable nanofibers scaffold by electrospinnimdyits
potential for bone tissue engineering. Biomater24l83;24:2077-2082

32\wang X, Drew C, Lee S-H, Senecal K J, Kumar J, Sasan L A. Electrospun nanofibers membranes fonlgig
sensitive optical sensors. Nano Letters. 2002;3127775.

328 Casper C L, Yamaguchi N, Kiick K L, Rabolt J Fritionalizing electrospun fibers with biologicatiglevant
macromolecules. Biomacromolecules 2005;6:1998-2007.

39 varin A L, Koombhongse S, Reneker D H. Bendindahdity in electrospinning nanofibers. 2001;89:801
3026.
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Brenner, and Rutledge developed a model that pgeedilber diameter for several polymer
solutions at various concentrations and as a fomctif surface tension and volume charge
density®* Recent empirical correlations were developed im taboratories that relate
electrospun fiber morphology and fiber diameterthe number of chain entanglements in
solution C/C.) whereC is the polymer concentratidff This relationship was applicable for a
range of molar masses and molecular architecturelsiding linear, randomly branched, highly
branched, and star-shaped topologies. Moreovectrespun fiber diameters were accurately
predicted for several different classes of polymarsluding poly(alkyl methacrylates),
polyesters, and polyurethan&s. Other researchers have also described the imffueh chain
entanglement density on electrospun fiber formatién® In particular, Shenogt al recently
developed a semi-empirical analysis that predietsfiber morphology (beads, beaded fibers, or
uniform fibers) in terms of the polymer concentatin solution, the weight average molar mass

(My), and the critical entanglement molar mads) ¢*°

305hin Y M, Hohman M M, Brenner M P, Rutledge G @dfrospinning: A whipping fluid generates subroitr
polymer fibers. Appl. Phys. Lett. 2001;78:1149-1151

%L Fridrikh SV, Yu J H, Brenner M P, Rutledge G @nrolling the fiber diameter during electrospirmif®hys.
Rev. Lett. 2003;90:144502-1-4.

%32 McKee M G, Wilkes G L, Colby R H, Long T E. Coragéibns of solution rheology and electrospun fiber
formation for linear and branched polyesters. Mawtecules 2004;37:1760-1767

333McKee M G, Park T, Unal S, Yilgor |, Long T E. Eteospinning of linear and highly branched segmente
poly(urethane urea)s. Polymer 2005;46:2011-2015.

33%Koski A, Yim K, Shivkumar S. Effect of molecular ight on fibrous PVA produced by electrospinning.tMa
Lett. 2004;58:493-497.

335 Gupta P, Elkins C, Long T E, Wilkes G L. Electrimspng of linear homopolymers of poly(methyl
methacrylate): exploring relationships betweenrfiioemation, viscosity, molecular weight, and comication in a
good solvent. Polymer 2005;46:4799-4810.

3% shenoy S L, Bates W D, Frisch H L, Wnek G E. Raflehain entanglements on fiber formation during
electrospinning of polymer solutions: good solvein-specific polymer-polymer interaction limit. Ipmer
2005;46:3372-3384.
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Many researchers have shown that the addition @mfamic salts to polymer solutions
increases the net charge density of the electrospjnjet3:338339340341 Tha increase in net
charge density increases the charge repulsioreifeththereby leading to more plastic stretching
during electrospinning and the formation of thinfieers. Moreover, the addition of salts to
polymer solutions decreased the concentration afdbe&efects in the resulting electrospun
fibers3?° This was attributed to the increase in chargelségn along the jet and subsequent
increase in surface area, which favors the formatibthinner fibers instead of beads. While
solution conductivity was tailored with the additiof salt, significantly less work has focused
on electrospinning charged polymers. ®oml varied the conductivity of poly(ethylene oxide)
solution upon adding small amounts (0 to 4 wt%gagdolyelectrolyte and studied the resulting
diameter and morphology of the electrospun fii&rsThe same researchers also studied the
influence of pH on electrospinning poly(vinyl alah (PVA) fibers3** A reduction in fiber

diameter was observed when electrospinning fronicllRR¥A solutions due to larger solution

337 Subbiah T, Bhat G S, Tock R W, Parameswaran S kRamar S S. Electrospinning of nanofibers. J. Appl.
Polym. Sci. 2005;96:557-569.

338 7ong X, Kim K, Fang D, Ran S, Hsiao B S, Chu BuSture and process relationship of electrospun
bioabsorbable nanofibers membranes. Polymer 2002@3-4412

39 Demir M M, Yilgor 1, Yilgor E, Erman B. Electrospiing of polyurethane fibers. Polymer 2002;43:33389
34%un z, Hou H, Schaper A, Wendroff J H, Greiner AlyFL-lactide nanofibers by electrospinning — irghce of
solution viscosity and electrical conductivity dbdr diameter and fiber morphology. e-Polymers 2[EX3N 1618-

7229.

341 Mit-uppatham C, Nithitanakul M, Supaphol P. Uliref electrospun polyamide-6 fibers: effect of siolut
conditions on morphology and average fiber diamdéfiexcromol. Chem. Phys. 2004;205:2327-2338.

32500 W K, Yourk J H, Lee T S, Park W H. The effazftsolution properties and polyelectrolyte on
electrospinning of ultrafine poly(ethylene oxidé)efrs. Polymer 2004;45:2959-2966

3330n W K, Youk J H, Lee T S, Park W H. Effect of pH electrospinning poly(vinyl alcohol). Mater. tet
2005;59:1571-1575.
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conductivity. More recently the electrospinnindnaeior of poly(acrylic acid) (PAA) in aqueous
and DMF solutions was investigat¥d. Unlike poly(2-(dimethylamino)ethyl methacrylate
hydrochloride) (PDMAEMA-HCI) aqueous solutions, lzaoge is not present on each repeat unit
of the PAA backbone since the fraction of the dissted carboxylic acid groups depends on the
pKa of PAA.

In this current work, PDMAEMA-HCI was electrospun the presence of various
amounts of NaCl in order to determine the roledf/glectrolyte interactions on fiber formation.
Electrospun fibers that are composed of quaterrsanymonium polyelectrolytes, such as
PDMAEMA-HCI, may prove useful as protective clothpirsince quaternary ammonium
compounds serve as antimicrobial agéfits. Due to the high electrical conductivity of
polyelectrolyte solutions, electrospinning PDMAENHCI generates sub-micron fibers with
considerably larger specific surface areas tharalepolymers. Moreover, since the added salt
ions effectively screen electrostatic interactiansrossover from polyelectrolyte electrospinning
behavior to neutral polymer electrospinning behavimy be observed in the high salt limit.
Herein, the electrospinning performance of polyetdygte solutions with and without added salt

is compared to previous empirical relationshipsetigyed for neutral, non-associating polymers.

3441i L, Hsieh Y-L. Ultra-fine polyelectrolyte fibefsom electrospinning of poly(acrylic acid). Polyme
2005;46:5133-5139.

345 Boulmedais F, Frisch B, Etienne O, Lavalle PhaRi€, Ogier J, Voegel J-C, Schaaf P, Egles C.datyrolyte

multilayer films with pegylated polypeptides aseartype of anti-microbial protection for biomatdsia
Biomaterials 2004;25:2003-2011.
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7.3 Experimental

7.3.1 Materials
2-(dimethylamino)ethyl methacrylate (DMAEMA) wasrphased from Sigma Aldrich

and passed through a basic alumina column in oimelemove the free radical inhibitor.
Ammonium persulfate initiator was also purchasedanfrSigma Aldrich and used as received.
All other solvents and reagents were purchased fcommercial sources and used without
further purification.
7.3.2 Instrumentation

'H NMR spectroscopy was performed on a Varian U&@i§ spectrometer at 400 MHz in
deuterium oxide. Steady shear experiments weréormpeed with a VOR Bohlin strain-
controlled solution rheometer at 25).2 °C using a concentric cylinder geometry. The bath an
cup diameters employed for rheological measurememt® 14 and 15.4 mm, respectively.
Electrospun fiber diameter and morphology were yaeal using a L 1550 field emission
scanning electron microscope (FESEM). Fibers©8EM analysis were collected on a 1/4” X
1/4” stainless steel mesh, mounted on a SEM drst sputter-coated with an 8 nm Pt/Au layer
to reduce electron charging effects. Fifty meanams on random fibers for each
electrospinning condition were preformed and aweriger diameters are reported. Solution
conductivities were measured with an Oakton tgs(Ax:orn series, Model CON 6) calibrated
with a 1 mS/cm standard solution from VWR Scieatifi
7.3.3 Synthesis of PDMAEMA

DMAEMA (15 g, 95 mmol) was added to a 250-mL rowattomed flask equipped with
a magnetic stir bar, and the monomer was dilutat deionized water (60 g, 80 wt%). The

monomer solution was titrated with HCI aqueous tsotuto a pH of 5 to protonate the monomer
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(DMAEMA-HCI). Finally, the ammonium persulfate fiator (15 mg, 0.1 wt% to 300 mg, 2
wt%) was added to the reaction vessel. The rouniiined flask was equipped with a rubber
septum and placed in a 6QG oil bath. The polymerization was allowed to @ed for 24 h, and
the polymer was precipitated into 1000 mL of acetand dried under reduced pressure (0.5 mm
Hg) at 100°C for 24 h. The product was characterized withNMR spectroscopy without
further purification.
7.3.4 Electrospinning Process

PDMAEMA-HCI was dissolved in 80/20 wt/wt deionizedater/methanol (MeOH) at
various polymer concentrations. NaCl (0 to 50 vae8mpared to the polymer) was added to the
agueous polymer solutions. The solutions were thlaned in a 20 mL syringe, which was
mounted in a syringe pump (KD Scientific Inc, Newge, PA). The positive lead of a high
voltage power supply (Spellman CZE1000R; SpellmaghH/oltage Electronics Corporation)
was connected to the 18-gauge syringe needle vialligator clip. A grounded metal target
(304-stainless steel mesh screen) was placed 2@amthe needle tip. The syringe pump
delivered the polymer solution at a controlled floate of 6 mL/h, and the voltage was
maintained at 25 kV. It was necessary to maintaimstant processing conditions to determine

the role of polyelectrolyte behavior on electrosfiber morphology and diameter.

7.4 Results and Discussion

7.4.1 Solution rheology of PDMAEMA-HCI agueous solutions with and without addaitl s
DMAEMA-HCI was polymerized via conventional freedieal methodologies in the
presence of 0.1, 1.0, and 2.0 wt% ammonium petsu{fPS) to generate polyelectrolytes with

various molar mass (Figure 7.1). The backbonegssssl a positive charge due to the pendant
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S 0.1 - 2.0 wt% ammonium persulfate
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60 °C, 24 h

Figure 7.1 Synthesis of poly(2-(dimethylamino)ethylethacrylate hydrochloride) via free

radical polymerization.
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guaternary amine with chlorine counterion. Unfogtely, molar mass determination via
aqueous size exclusion chromatography (SEC) pravesliccessful due to polyelectrolyte
aggregation; however, a future report will descrrts to obtain reproducible aqueous SEC
measurements in the presence of various inorgaatis. s All rheological and electrospinning
experiments were performed with homogeneous PDMABNA solutions in an 80/20 wt/wt
deionized water/MeOH cosolvent, which permittedimesvolatility for electrospinning.

Steady shear experiments were performed on polyelge solutions with a range of
approximately 2 orders of magnitude in concentrati®&pecific viscosity versus concentration
profiles were obtained for PDMAEMA-HCI solutionsathspanned the semi-dilute unentangled
and semi-dilute entangled regimes. The entanglermnencentration @) is the transition
between the unentangled and entangled semi-dilegimes, and marks the solution
concentration at which chains overlap sufficientty form topologically constrained
entanglement3!® Figure 7.2 shows the dependenceigfon concentration for the 0.1 wt%
APS PDMAEMA-HCI in an 80/20 FD/MeOH cosolvent. In a consistent manner with
theoretical predictions for polyelectrolytes (EQ. /Asp ~ C%® in the semi-dilute unentangled
regime, fsp ~ C™*in the semi-dilute entangled regime, anhg recovers the neutral polymer
scaling in the concentrated regime. B@thand the onset of the concentrated regi@s) (vere
measured over this concentration range, with vahfespproximately 1 wi% and 10 wt%
respectively. In a consistent manner with preditiby Rubinsteiet al,>** the slope increased
at Cp because the electrostatic charges were screerbd noncentrated regime due to overlap

of the electrostatic blobs. The slopes in FiguBeare in very good agreement with the

34 Krause W E, Bellomo E G, Colby R H. Rheology oflisn hyaluronate under physiological conditions.
Biomacromolecules 2001;2:63-69.
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Figure 7.2 Dependence 6f, on PDMAEMA-HCI (0.1 wt% APS) concentratiolC, andCp are

1 wt% and 10 wt% respectively.
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theoretical predictions of polyelectrolytes{ ~ C *° and s, ~ C 9. Thus, it is apparent that
PDMAEMA-HCI behaves as a polyelectrolyte in the2Z®0H,O/MeOH mixed cosolvent.

Figure 7.3 compares the concentration dependenchsyofor the 0.1 and 2.0 wt%
PDMAEMA-HCI, and a qualitative comparison was ob&al despite the lack of SEC molar
mass information. The value 6% increased from 1.0 to 8.0 wt% a@g increased from 10 to
20 wt% as the initiator concentration was increasghis is not surprising as higher molar mass
chains entangle more readily than lower molar nessns, and other researchers have also
showed an inverse relationship betwe&&rand polyelectrolyte chain lengtff. The slopes for
the lower molar mass PDMAEMA-HCI in Figure 7.3 aiso in excellent agreement with the
scaling relationships for polyelectrolyte8s{ ~ C %7in the semidilute unentangled regime and
hsp~ C -%in the semidilute entangled regime).

Various amounts of NaCl were added to the PDMAEM®I-Holutions to determine the
influence of charge screening on the solution rgichl behavior. In the high salt limit, the
electrostatic interactions along a polyelectrolyi@ckbone are completely screened and the
scaling relationships for neutral polymers are veced®**® Figure 7.4 shows thés, of the
0.1wt% APS PDMAEMA-HCI systematically decreasedhwiiicreasing levels of NaCl in the
semi-dilute regimes. The salt screened the elgetiio repulsive forces along the polymer
backbone and enabled the PDMAEMA-HCI to adopt ailfle, coil-like conformation. Since
coiled chains occupy a smaller volume in solutibant extended, rod-like chains, titg,

systematically decreased with NaCl addition. Mmssosity dependence on salt concentration

37Dj Cola E, Plucktaveesak N, Waigh T A, Colby RTn J S, Pyckhout-Hintzen W, Heenan R K. Strucame
dynamics in aqueous solutions of amphiphilic sodinaleate containing alternating copolymers. Macrecwdes
2004;37:8457-8465.

38 Lauten R A, Nystrom B. Linear and nonlinear vidastic properties of aqueous solutions of cationic
polyacrylamides. Macromol. Chem. Phys. 2000;201-:63%.
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Figure 7.3. Influence of molar mass and conceotraton the viscosity of poly(2-
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Figure 7.4. Effect of added NaCl on polyelectrolgelution behavior. C. systematically
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interactions.
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was consistent with earlier polyelectrolyte scalisitionships®® It is also clear from Figure 4
that at high concentrations, ne@s, the /s, of the polyelectrolyte solutions with added NacCl
approached the salt free solutions. This is duthéooverlap of the electrostatic blobs, which
also served to screen mutual charge repulsion albeg polymer backbone. Thus at
concentrations neafp, chain overlap and entanglements rather than aticentration
dominated the PDMAEMA-HCI solution dynamics.

The addition of NaCl also influenced the transisidretween the different concentration
regimes. In Figure 7.4 systematically increased from 1.0 to 3.5 wt% &sNRCI content was
increased from 0 to 50 wt% relative to PDMAEMA-H(lable 7.1). Since chains that are
extended in solution occupy a larger hydrodynanatumwe relative to random coiled chains,
salt-free PDMAEMA-HCI formed entanglement couplingsre readily with neighboring chains
compared to the random coiled PDMAEMA-HCI in thegence of NaCl. Th&p transition was
not measured for the solutions with added saltes@icwas outside of the concentration range
investigated. It is also evident from Figure hdttthe slopes in the semi-dilute unentangled and
semi-dilute entangled regimes were dependent orl B@entration. Table 7.1 summarizes the
exponents in the two semi-dilute concentrationmeg as well as the neutral scaling behavior.
A gradual transition from polyelectrolyte to nelitbe@havior was observed for PDMAEMA-HCI
with increasing salt concentration. Yamagudii al also reported an increase in the
concentration dependence dfs, with added salt for pol-methyl-2-vinylpyridinium

chloride)3*

349 Konop A J, Colby R H. Polyelectrolyte charge effean solution viscosity of poly(acrylic acid).
Macromolecules 1999;32:2803-2805.
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Table 7.1 Influence of NaCl on scaling exponent$ emanglement concentration for

PDMAEMA-HCI solutions

NaCl Concentration Semi-dilute Semi-dilute
unentangled exponententangled exponent Ce (W1%)
(Wt%) * *%
(a) (b)
0 0.6 15 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 fOI’ C*< C<Ce
** pop ~ C° for Ce< C<Cp
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7.4.2 Electrospinning of PDMAEMA with various levels of NaCl

All polyelectrolyte solutions were electrospun ahstant conditions (25 kV, 6 mL/h, and
20 cm working distance) to ensure that changesber fmorphology and diameter were only
attributed to solution properties. The solutiongrev electrospun from the semi-dilute
unentangled, semi-dilute entangled, and concendtredgimes. The solution rheology and
electrospinning trials were performed at the sawmmditions (room temperature, 80/20 wt/wt
H,O/MeOH) to ensure constant hydrodynamic dimensinthe polyelectrolytes in solution
prior to experiencing the electric field. Previgysbur laboratories reported th@t was the
minimum concentration, which was required to etespin beaded nanofibers for a series of
linear and branched polyesters and poly (alkyl maylatesf>>*°>! Consequently, the
polyelectrolyte electrospinning performance was parad to the previously developed
empirical relationships for these neutral, non-asdgimg polymers.

Figure 7.5 shows FESEM images of electrospun fibleas were formed from salt-free,
0.1 wt% APS PDMAEMA-HCI C. = 1.0 wt% in 80/20 KD/MeOH) solutions at several
concentrations. At 7 wt%, polymer droplets werarfed in the semi-dilute entangled regime
(Figure 7.5a) in contrast to neutral polymers, Wwhonly form droplets when electrospun from
the semi-dilutaunentangledegime®*? Beaded fibers with an average diameter of 120 rarew
formed at 8 wt%, which corresponded t€.8Figure 7.5b), and defect-free fibers with an
average diameter of 170 nm were formed at 9 wtigufiei 7.5c). The average fiber diameter

continued to increase from 280 to 480 nm as the RBEMA-HCI concentration was increased

from 10 to 14 wt% (Figures 7.5d to 7.5f). In ligiftcorrelations that were developed for neutral

#0McKee M G, Elkins C L, Long T E. Influence of sedmplementary multiple hydrogen bonding on solutio
rheology/electrospinning relationships. Polymer4£@6:8705-8715.

1 McKee M G, Long T E. Polym. Prepr. (Am. Chem. S@iv. Polym. Chem.) 2004;45:130-131.
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Figure 7.5 FESEM images of electrospun PDMAEMA-HiGérs (0.1 wt% APSCe = 1.0 wt%)

with no added salt. All images were collectechatséame magnification.
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polymers, which predicted the formation of beaddsert at C,, it was surprising that
PDMAEMA-HCI fibers were not obtained belowC8 This observation was attributed to the
influence of solvent quality on the polyelectrolgetanglement coupling as described below.

The hy of a polymer in & solvent display a greater concentration dependendke
entangled regime compared to a polymer in a gobdeest®™> Moreover, polymers in a good
solvent have a largefly compared to polymers in@solvent at low concentrations due to the
larger hydrodynamic volume of the former, while thygposite is true at high concentrations.
Isono and Nagasawa speculated that the strengémtahglement couplings was greatergin
solvents compared to good solvefts. The authors showed that the rupture energy @iy@
methylstyrene) entanglement coupling iq aolvent was greater than in a good solvent. Water
is considered a very good solvent for many polyebégtes. For example, Mark-Houwink
exponents of approximately 1.0 were reported fdy(Reacrylamido-2-methylpropanesulfonate)
in aqueous solutiofr* Consequently, PDMAEMA-HCI may not form fibersGtdue to weaker
chain entanglements between the charged chainsenyagood solvent compared to previously
electrospun neutral polymers in both good solvanti solvents.

The size of the ions that are carried in the aebsginning jet may also influence the
polyelectrolyte electrospinning behavior. Zagtgal reported that ions with smaller atomic radii
are more mobile under an external electric fietd thus impart a higher degree of stretching in

the electrospinning jét® A charged polymer possesses a significantly laagemic radius than

%2 Colby R H, Rubinstein M. Two-parameter scalinggotymers ing solvents. Macromolecules 1990;23:2758-
2757.

%3|sono Y, Nagasawa M. Solvent effects on rheoldgicaperties of polymer solutions. Macromolecules
1980;13:862-867.

%4 Fisher L W, Sochor AR, Tan J S. Chain charadtesi®f poly(2-acrylamido-2-methylpropanesulfonate)
polymers. 1. Light-scattering and intrinsic visepstudies. Macromolecules 1977;10:949-954.
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free salt ions, and consequently, electrospinniggtectrolytes may result in instabilities in the
electrospinning jet which may be attributed to tékative low mobility of the polyions. Scet
al. reported difficulties in electrospinning protoaat poly(vinyl alcohol) (PVA) as the low
mobility of the PVA polyions resulted in local vations in charge density and uneven
elongation forces in the electrospinningEt.The authors conjectured that the large degree of
repulsion between charged groups on the chain baeklprevented the formation of a
continuous jet.

Figure 7.6 shows the dependence of PDMAEMA-HCI (®t% APS) electrospun fiber
diameter on normalized concentrati@i@.). The solid black line (Eq. 7.2) is a correlatibat

was developed for linear and branched neutral,asseciating polymers.

27

D[] = 018 CE (7.2)

The variableD is the average fiber diameter in microns. Sinegais determined th&. was
the minimum concentration to form beaded fibersrfeutral polymer solutions, the lower fiber
diameter limit for electrospinning was approximatdl80 nm. At a given value df/C,
PDMAEMA-HCI produced electrospun fibers nearly tmalers of magnitude smaller than the
predicted value (solid black line).

Electrospun fiber diameter is also dependent on/théor several different classes of
polymers over a large concentration rafije. Figure 7.7 compares the fiber diametefr-
relationship between PDMAEMA-HCI and neutral polymésolid black line). Polyelectrolyte
solutions produced significantly smaller fibersriithe neutral polymer solutions of equivalent
ho due to dissociation of the PDMAEMA-HCI ions in @&gpus solution. Previously, our

laboratories showed slightly smaller fibers thaedicted from Eq. (7.2) for poly(methyl
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methacrylatezo-methacrylic acid) (PMMAso-PMAA) solutions in dimethyl formamid&°® This
was attributed to partial dissociation of the casic acid group, which resulted in a higher net
charge density in the jet and greater charge repulduring electrospinning. In fact, the
PMMA-co-PMAA solutions displayed electrical conductivitiegarly an order of magnitude
greater than the poly(methyl methacrylate) (PMMARtrol in the identical solvent. Similarly,
the PDMAEMA-HCI aqueous solutions had very highceleal conductivities relative to the
neutral polymer solutions, which resulted in a leiglegree of elongation during electrospinning
and formation of thinner fibers. Thus, it may lo/antageous to electrospin polyelectrolytes
rather than neutral polymers for applications destiramhigh specific surface area.

Figure 7.8 shows the concentration dependence ettrelal conductivity for
PDMAEMA-HCI (0.1 wt% APS). A concentration seriesPMMA in DMF was included since
Eqg. (2) was developed from electrospinning neygodymer solutions with conductivities on the
order of the PMMA/DMF solutions. The electrical ncluctivity of the PDMAEMA-HCI
polyelectrolyte solution was nearly three ordersngnitude larger than the neutral PMMA
solution. In contrast to the PMMA solution, thendactivity of the PDMAEMA-HCI solution
was also dependent on concentration due to anasers charge density with polyelectrolyte
concentration. This explained the significant thn in polyelectrolyte fiber diameter
compared to predictions in Figures 7.6 and 7.7.

PDMAEMA-HCI solutions were also doped with diffetdavels of NaCl relative to the
polyelectrolyte concentration to determine the rofescreening electrostatic interactions on
electrospinning performance. Figure 7.9 shows RES8&ages of PDMAEMA-HCI electrospun
with 1 wt% NacCl at several different concentratiorss described in Section 7.4, increased

from 1 to 1.5 wt% upon increasing NaCl from 0 tet%. The minimum concentration that was
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required to form electrospun fibers was 6 wt%, Gg é-igure 7.9a). The average fiber diameter
that was reproducibly formed from the 6 wt% solntwwas 60 nm. The addition of 1 wt% NaCl
shifted the minimum concentration for fiber forneati closer toCe, which is the minimum
concentration for fiber formation for neutral polgre. This was attributed to a reduction in
electrostatic charge repulsion along the polymekbane, which decreased the expanded chain
conformation of the chain. Consequently, stroregganglement couplings formed between the
random coiled chains compared to the unscreeneaneepd PDMAEMA-HCI chains. Beaded
fibers approximately 90 nm in diameter were fornad/ wt% (Figure 7.9b), while uniform,
bead-free fibers were produced at 8 wt% (Figure)7.@s the concentration was increased from
9 to 10 wt%, the average fiber diameter furtheraased from 160 to 290 nm (Figure 7.9d and
7.9e). Finally, at 12 wt% the average electrospbar diameter was 600 nm (Figure 9f).
Moreover, NaCl crystals appeared on the fiber sers shown in Figure 7.9f.

Figure 7.10 shows FESEM images of PDMAEMA-HCI fibbénat were electrospun with
50 wt% added NaCl. Thés,C scaling exponents in Table 7.1 show that the aestaling
behavior was approximately recovered at 50 wt% Na@iich indicated that nearly all
electrostatic charges were screened. The mininamentration for fiber formation was 6 wt%
(Figure 7.10a), or 1.7Ce, which is significantlyos#r to neutral polymer behavior than in
Figures 7.5 and 7.9. Thus as the NaCl level waeased, the electrospinning behavior of the
polyelectrolyte solution shifted toward behavioatttwas expected of an uncharged polymer.
Beaded fibers with approximately 130 nm in dianetsere produced when PDMAEMA-HCI
with 50 wt% added NaCl was electrospun at 8 wt%gyFe 7.10b), while uniform fibers (~260

nm) were produced at 9 wt% (Figure 7.10c). Theayefiber diameter systematically
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increased from 300 nm to 1rin (Figures 7.10d to 7.10f) as the concentration weseased
from 10 to 14 wt%.

Table 7.2 summarizes the electrospinning behavioPMAEMA-HCI with various
levels of NaCl and provides a comparison to neypalmer behavior. In particular, the
minimum normalized concentration and thgat which fiber formation occurred are presented.
A systematic trend towards neutral polymer elegirosing behavior was evident as the NaCl
concentration was increased. As mentioned preljipasncentrations that were well abo@e
were required to electrospin fibers from the sadtefpolyelectrolyte solutions, while fibers
formed atC. with neutral polymer solutions. Weaker entangletsenay be attributed to the
expanded chain conformation of the polyelectrolgesompared to entanglements between the
coil-like conformation of the neutral polymers. eltarge degree of repulsion between charged
sites on the polyelectrolyte backbone may alsoireqeery high viscosity solutionsCeC,) to
form a stable jet.

Figure 7.11 shows the influence of NaCl on thetedspun fiber diameter dependence on
the normalized concentration. The solid black liepresents the electrospinning behavior of
neutral polymer solutions as defined in Eqg. (7.2s mentioned previously, PDMAEMA-HCI
formed thinner fibers than predicted due to th@dasolution conductivity of polyelectrolytes
and high degree of charge repulsion in the eleginogng jet (Figure 7.8). For a given value of
C/C,, the average fiber diameter increased with NaQiitesh. Moreover, as the salt
concentration was raised from 0 to 20 wt%, therfdbameter dependence @/C. shifted to the
neutral polymer relationship (Eq. 7.2). The elestatic repulsive interactions between charged
groups were progressively screened as the NaCingesased, which decreased the stretching in

the electrospinning jet and increased the fibemetar. Figure 7.11 indicates that the
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Table 7.2. Influence of NaCl on electrospun fibmniation

NaCl Concentration C/C.at onset of fiber /g (cP) at onset of fiber

(Wt%) production 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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electrospun fiber diameter was insensitive to caficentrations that were greater than 20 wt%,
which indicated that the majority of polyelectra@yelectrostatic interactions were screened at
high salt concentrations. These results are ifitgtiae agreement with results from Kiet al
who observed an increase in poly(acrylic acid)rfitiemeter in the presence of Na€l.

The conductivity of the PDMAEMA-HCI (0.1 wt% APSDlstions increased slightly
with NaCl concentration due to an increased ionaun(Figure 7.12). Bordit al also showed
an increase in electrical conductivity with addealONfor a series of agueous poly(acrylic acid)
solutions®®  Higher solution conductivity generally results thinner electrospun fibers.
However, the PDMAEMA-HCI| average fiber diameter uatly increased with NacCl
concentration due to the competing effect of etstaitic screening. Electrostatic screening
reduced the charge repulsion in the electrospinjeh@nd ultimately decreased the degree of
stretching. Li and Hsieh recently observed similahavior when electrospinning poly(acrylic
acid) solutions with added saff. It should be noted that even at very high Na@éle of 50
wt%, the neutral polymer behavior was not compjetetovered (Figure 7.11). The electrical
conductivity was still 3 to 4 orders of magnitudeger for the PDMAEMA-HCI polyelectrolytes

compared to the neutral polymer solutions and #nirilbbers were produced.

7.5 Conclusions

The electrospinning behavior and influence of Na@dition were studied for a series of
PDMAEMA-HCI 80/20 wt/wt HO/MeOH solutions. The aqueous PDMAEMA-HCI soluson

displayed classic polyelectrolyte behavior with~ C*°in the semi-dilute unentangled regime

$5Kim B, Park H, Lee S-H, Sigmund W M. Poly(acrydicid) nanofibers by electrospinning. Mat. Lett.
2005;59:829-832.

%% Bordi F, Cametti C, Gili T. Electrical conductiyibf polyelectrolyte solutions in the presence dded salt: The
role of the solvent quality factor in light of aading approach. Phys. Rev. E. 2003;68(1) Art Nid.&D5.
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and Asp ~C'?in the semi-dilute entangled regime. As expedBdystematically increased with
NaCl concentration as the extended, rod-like chaoigpted a random, coil-like conformation.
Furthermore, the scaling behavior in the semi-diléntangled regime shifted from
polyelectrolyte frs, ~ C °°) to neutral polymer behaviori{, ~ C > in the high salt limit.
While neutral polymer solutions produce beaded tedspun fibers atC,, salt free
PDMAEMA-HCI solutions did not form fibers at condaations less than@. The minimum
concentration for fiber formation decreased taCl.&s the concentration of NaCl was increased
to 50 wt%. This decrease was attributed to scngeaf the repulsive, electrostatic interactions
that stabilize the electrospinning jet. Moreowdue to the large electrical conductivity of the
polyelectrolyte solutions, the average diameteithefpolyelectrolyte fibers were 2 to 3 orders of
magnitude smaller compared to neutral polymer goigt of equal /iy and normalized
concentration@/C,). These ultra-fine electrospun PDMAEMA-HCI fibersy prove useful in
protective clothing applications for chemical andldgical 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 TE€tience2005 submitted for publication)

8.1 Abstract

Biocompatible nonwoven membranes were formed frégnt®spinning lecithin (a natural
mixture of phospholipids and neutral lipids) sadat$ in a single processing step. As the
concentration of lecithin was increased, the macethorphology evolved from spherical to
cylindrical, and at higher concentrations the ajtical micelles overlapped and entangled
similar to polymers in semi-dilute or concentrasedutions. Dynamic light scattering (DLS) and
solution rheology were utilized to probe the moilphy of the lecithin micelles. At
concentrations above the onset of entanglementasimvike micelles C > C,), electrospun
fibers were fabricated on the order of 1 tomd. Comparison of the electrospinning performance
of the phospholipids to empirical correlations thagre developed earlier for neutral polymers
revealed the entangled phospholipid micelles bethageassociating polymers. The electrospun
phospholipid fibers afford direct fabrication ofobunctional, high surface area membranes
without the use of multiple synthetic steps, cocgikd electrospinning designs, or post

processing surface treatments.

8.2 Introduction

Due to their amphiphilic chemical structure, phasdids organize into a bilayer matrix,

which serve as the building blocks of cell membsaié Phospholipids possess a charged head

%7pratt C W, Cornely K. Essential Biochemsitry, JaHitey & Sons, Inc. 2004.
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group and a hydrocarbon tail that contain variausants of unsaturation. Significant work has
focused on engineering stable biomembranes as w@t re6 polymerizing functionalized
phospholipids or post-polymerization functionaliaat with phospholipid reagents®**° For
example, Nakayat al synthesized an alkyl methacrylate monomer wigphaspholipid head
group, which was deemed biocompatible with supjpwasef protein adsorption and platelet
adhesior’®® Thus, phospholipid-containing polymers are ativac candidates for blood
purification membranes, artificial heart valvestifaial organs, and several other prosthetic
devices361362:363364 6y glternative method for designing biocompatitiéeices involves coating
suitable substrates with phospholipi%3°® Xu et al improved the surface biocompatibility of a

microporous poly(propylene) membrane via covalengiafting a phospholipid modified

poly(alkyl methacrylate) onto the substrate, andeoled reduced protein adsorption compared

%8 Fendler J H. Polymerized surfactant vesicles: hmembrane mimetic systems. Science 1994, 223 3848-
39 Chapman D. Biomembranes and new hemocompatibleriaiat Langmuir 1993, 9, 39-45.

30 Nakai S, Nakaya T, Imoto M. Polymeric phospholipithlogs. 11. Synthesis and polymerization of 2raethyl
2- (p-methacryloyloxybenzoyloxy)ethyl hydrogen ppbate. Makromol. Chem. 1978, 79, 2349-2353.

%1 Koremtsu A, Takemoto Y, Nakaya T, Inou H. Synthesharacterization and platelet adhesion of setgden
polyurethanes grafted phospholipid analogous vimyhomer on surface. Biomaterials 2002, 23, 263-271.

%2 Kim K, Shin K, Kim H, Kim C, Byun Y. In-situ phofmlymerization of a polymerizable poly(ethyleneagi)
covered phospholipid monolayer on a methacrylayhteated substrate. Langmuir 2004, 20, 5396-5402.

%3ye S H, Watanabe J, lwasaki Y, Ishihara K. Antiilog blood purification membrane composed of celta
acetate and phospholipid polymer. Biomaterials 2@033-4152.

34 Morimoto N, Iwasaki Y, Nakabayahsi N, Ishiharafysical properties and blood compatibility of sud-
modified segmented polyurethane by semi-interpatiaty polymer networks with a phospholipid polymer.
Biomaterials 2002, 23, 4881-4887.

35 Kim H K, Kim K, Byun Y. Preparation of a chemicakinchored phospholipid monolayer on an acrylated
polymer substrate. Biomaterials 2005, 26, 3435-3444

3% He P, Urban M W. Controlled phospholipid functitmation of single-walled carbon nanotubes.
Biomacromolecules 2005,
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to unfunctionalized poly(propylene) membrai®s*®® The disadvantages of a coating strategy
are numerous including (1) multiple synthetic stefos production of a phospholipid
functionalized polymer are required and (2) graftim or grafting from methodologies are
necessary to sufficiently tailor surface properti@hus, the fabrication of a high surface area,
biocompatible, phospholipid membrane, which invelee single processing step, will offer
exceptional promise for diverse applications. $tigt al have designed bio-functional
nanofibers that mimic cellular response from thentlsgsis of peptide amphiphilic
molecules’®**"® The self-assembly of the peptide amphiphiles ir&nofibers was triggered by
changes in pH and electrostatic interactions. &bksembly process typically involved the
organization of amphiphiles in aqueous solutionn our current work, the utilization of
electrostatic processing or electrospinning is eygd to form bio-functional nonwoven
phospholipid membranes with high specific surfaeaand sub-micron degree of porosity.
Electrospinning is a polymer processing technigqu@ch forms fibers that are two to three
orders of magnitude smaller than conventionallycpssed fiberd’*"? The electrospinning

process is an extension of the electrosprayinggssiavhich occurs when a charged droplet of a

%7 Xu z-K, Dai Q-W, Wu J, Huang X-J, Yang Q. Covalattachment of phospholipid analogous polymers to
modify a polymeric membrane surface: a novel apgrohangmuir 2004, 20, 1481-1488.

%8 Deng H-T, Xu Z-K, Huang X-J, Wu J, Seta P. Adsimpiand activity ofCandida rugosdipase on
polypropylene hollow fiber membrane modified withgspholipid analogous polymers. Langmuir 2004,1201,68-
10173.

39 Niece K L, Hartgerink J D, Donners J J M, Stupp Self-assembly combining two bioactive peptide-
amphiphilic molecules into nanofibers by electrastmteractions. J. Am. Chem. Soc. 2003, 125, 71147.

370 Guler M O, Soukasene S, Hulvat J F, Stupp S éséhtation and recognition of biotin on nanofifersned by
branched peptide amphiphiles. Nano Lett. 200545;252.

3"Reneker D H, Chun I. Nanometre diameter fibersobjmer, produced by electrospinning. Nanotechnalogy
1996;7:216-223.

$"%Fridrikh S V, Yu J H, Brenner M P, Rutledge G C.n@@olling the fiber diameter during electrospinnitiys.
Rev. Lett. 2003;90:144502-1-4
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low molar mass fluid is subjected to an electrdd?’®> When the electrostatic charge on the
droplet balances the surface tension, the freeaceirbf the droplet distorts into a cone with a
semi-vertical angle of 49°3which is termed a Taylor con& As the electrostatic charge on
the droplet overcomes the surface tension, the noar mass fluid destabilizes into small
droplets. Electrospinning typically occurs wheoharged solution or melt of a high molar mass
polymer is subjected to an electric field. Duethe presence of chain entanglements in the
charged fluid, the fluid does not break up into pliets, but forms a stable jet when the
electrostatic repulsive forces on the fluid surfasercome the surface tension. The range of
fiber diameters is approximately between 100 nm ¥ham®”, and is dependent on (1) process
variables including electrical field strength, duflowrate, and working distance between the
electrode¥’® (2) solution variables including viscosity, elécal conductivity, surface tension,
and solvent volatility’’, and (3) environmental variables including tempe& pressure, and
humidity3"®°"® The subsequent non-woven membranes possess apgific surface area and
sub-micron pores, which results in attractive cdatis for a wide range of applications

including filtration devices, vascular grafts, matve clothing, molecular templates, tissue

373 Bailey A G, Electrostatic Spraying of Liquids, \&, New York 1988.
37 Taylor G. Proceedings of Royal Society 1964:A 288:-397.
373 i D, Xia Y. Electrospinning of nanofibers: Reiting the wheel? Adv. Mat. 2004;16:1151-1170..

378 Deitzel J M, Kleinmeyer D, Harris D, Beck Tan N The effect of processing variables on the morpiyplof
electrospun nanofibers and textiles. Polymer. 200261-272.

37 Lee KH, KimHY, LaY M, Lee D R, Sung N H. Infimce of mixing solvent with tetrahydrofuran and N,N
dimethylformamide on electrospun poly(vinyl chl@)dnonwoven mats. J. Polym. Sci. Part B: Polym.sPhy
2002;40:2259-2268.

378 Megelski S, Stephens J S, Chase B D, Rabolt Ji¢foMnd nanostructured surface morphology on edsptin
polymer fibers. Macromolecules 2002;35:8456-8466.

379 Casper C L, Stephens J S, Tassi N G, Chase B lRhF. Controlling the surface morphology ofatlespun

polystyrene fibers: Effect of humidity and molemulveight in the electrospinning process. Macrowulkes
2004,;37:573-578.
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scaffolds, optical devices, nanocomposites, and logically functional
ﬁbeI’S.380'381'382'383'384’385'386

Our laboratories have recently correlated the eepun fiber morphology and fiber
diameter to the degree of chain entanglements #maih coverlap in solutioff’**®  This
empirical model was applicable to a range of polyrf@nilies, molar mass, and molecular
architectures. Recently Shenelyal also developed a semi-empirical model that ptedite

fiber morphology in terms of the polymer concentnat the weight average molar mas4,|,

and the entanglement molar mabk)(*®*® Since chain overlap and entanglements are negessa

30 Gibson P, Schreuder-Gibson H, Rivin D. Transpoopprties of porous membranes based on electrospun
nanofibers. Colloids and Surfaces A: Physiochenaoal Engineering Aspects 2001;187-188:469-481.

BlKim K, Yu M, Zong X, Chiu J, Fang D, Seo Y-S, Hsi& S, Chu B, Hadjiargyrou M. Control of degradatio
rate and hydrophilicity in electrospun non-woveyfpa -lactide) nanofibers scaffolds for biomediegiplications.
Biomaterials 2003, 24, 4977-4985.

382 Keneway E-R, Bowlin G L, Mansfield K, Layman Jpfdison D G, Sanders E H, Wnek G E. Release of
tetracycline hydrochloride from electrospun poliifé¢ne-co-vinylacetate), poly(lactic acid), andlenol. Journal of
Controlled Release 2002;81:57-64.

33 yoshimoto H, Shin Y M, Terai H, Vacanti J P. A Beagradable nanofibers scaffold by electrospinnimdyits
potential for bone tissue engineering. Biomater24l83;24:2077-2082.

34\Wang X, Drew C, Lee S-H, Senecal K J, Kumar J, @&ison L A. Electrospun nanofibers membranes fghlki
sensitive optical sensors. Nano Letters. 2002; 312775

35Wwang M, Hsieh A J, Rutledge G C. Electrospinningay(MMA-co-MAA) copolymers and their layered
silicate nanocomposites for improved thermal proggr Polymer 2005, 46, 3407-3418.

336 Casper C L, Yamaguchi N, Kiick K L, Rabolt J Fritionalizing electrospun fibers with biologicatiglevant
macromolecules. Biomacromolecules 2005;6:1998-2007.

37" McKee M G, Wilkes G L, Colby R H, Long T E. Coraéibns of solution rheology and electrospun fiber
formation for linear and branched polyesters. Mawtecules 2004, 37, 1760-1767.

388 Gupta P, Elkins C, Long T E, Wilkes G L. Electrimspng of linear homopolymers of poly(methyl
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good solvent. Polymer 2005;46:4799-4810.

%9 3henoy S L, Bates W D, Frisch H L, Wnek G E. Raflehain entanglements on fiber formation during

electrospinning of polymer solutions: good solvewin-specific polymer-polymer interaction limit. Ipmer
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for electrospun fiber formation, typically electposning studies involve high molar mass
polymers. However, our recent studies have dematest that high molar mass polymers are
not essential for production of uniform electrospiilpers, and the presence of sufficient
intermolecular interactions and chain entanglemestshe primary criterion. For example,
polymers with strong quadruple hydrogen bonding abdjies displayed electrospinning
behavior similar to unfunctionalized polymers ajrsficantly higher molar mass? Given that
phospholipids form entangled, worm-like micelleslenthe appropriate solution conditions, it is
proposed that the electrospinning behavior of egiéahh micellar phospholipid solutions will
lead to novel phospholipid fibers.

Lecithin, which is a natural mixture of phosphdlipiand neutral lipids, forms cylindrical or
worm-like reverse micelles in nonaqueous solutihsAs the concentration of lecithin is raised
in solution the micellar morphology changes fromhespcal to cylindrical, and at higher
concentrations the cylindrical micelles overlap @amdangle similar to polymer chains in semi-
dilute or concentrated solutiof¥. Schurtenbergeet al performed light scattering and small
angle neutron scattering studies and observed er wattuced, one dimensional micellar growth

for lecithin in organic solutiof®™3%3% |nfrared studies performed by Shchipunov and

30 McKee M G, Elkins C L, Long T E. Influence of setimplementary multiple hydrogen bonding on sohutio
rheology/electrospinning relationships. Polymer£204b, 8705-8715.

391 Schurtenberger P, Scartazzini R, Magid L J, L&s&;, Luisi P L. Structural and dynamic propertiégolymer-
like reverse micelles. J. Phys. Chem. 1990, 94535A1.

392 Mezzasalma S A, Koper G J M, Shchipnov Y A. Leditbrganogel as a binary blend of monodispersemety
like micelles. Langmuir 2000, 16, 10564-10565.

393 Schurtenberger P, Magid L J, Penfold J, Heena®hRar aligned lecithin reverse micelles: a smajl@neutron
scattering study of the anomalous water-inducectlaicgrowth. Langmuir 1990, 6, 1800-1803.

394 Schurtenberger P, Cavaco C. Polymer-like lecithirerse micelles. 1. A light scattering study. Lrawiy 1994,
10, 100-108.
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Shumilina demonstrated that water and other polalecnles served to bridge the phosphate
head groups between neighboring phospholipids girobydrogen bond§®  Similarly,
rheological experiments revealed an increase irz¢he shear viscosity/,) and relaxation time
for lecithin/alkane solutions upon increasing tbaaentration of watef° As the concentration
of water was raised above a critical value, phapamstion occurred anfth decreases’

Oscillatory rheological investigations were alsafpened to discern the frequency))(
dependence of lecithin solutions. The entanglecklair solutions displayed linear viscoelastic
behavior, which is typical of entangled polymer iosawith loss modulus@”) and storage
modulus G') proportional towand w? respectively in the low frequency terminal regifife’*®
One significant difference between worm-like mieslland polymer chains is the former
undergoes chain scission and thus does not possassstant “chain length” or contour length
(L). The term chain scission was defined in theiexaliterature as the reversible nature of he
associated supramolecular structure for the chenmaation of solution dynamics. Cates

developed scaling relationships based on the theforgptation, which incorporated the concept

of reversible chain scission on a time scalg.®® For the case df, >> trep Wheret e is the

3% gchurtenberger P, Jerke G, Cavaco C. Cross-settiacture of cylindrical and polymer-like micellzem
small-angle scattering data. 2. Experimental resulingmuir 1998, 12, 2433-2440.

3% Shchipunov Y A, Shumilina E V. Lecithin bridging bydrogen bonds in the organogel. Mater. Sci E8§5,
C3, 43-50.

397 Robertson D, Hellweg T, Tiersch B, Koetz J. Polpineluced structural changes in lecithin/sodiumetyd
sulfate-based multilamellar vesicles. J. Coll. ingci. 2004, 270, 187-194.

3% Shehipunov Y A, Mezzasalma S A, Koper G J M, Haffm H. Lecithin organogel with new rheological and
scaling behavior. J. Phys. Chem. 2001, 105, 104B88.

39 Shchipunov Y A, Hoffmann H. Growth, branching, dadal ordering of lecithin polymer-like micelles.
Langmuir 1998, 14, 6350-6360.

40 Cates M E. Reptation of living polymers: Dynamidentangled polymers in the presence of reversihin-
scission reactions. Macromolecules 1987, 20, 228352

228



reptation time, the dynamics of pure reptation weseovered and the following scaling
argument was derivedj, ~ C >%, whereC is the surfactant concentration. This is a steong
concentration dependence than reptation predictseiatral polymers in good and theta solvents,
ho ~ C 3™ andhp ~ C *® respectivel§’’, since in contrast to polymers, the length of wem-
like micelles is dependent on concentration andptature. For the case tf <<t the
relatively fast chain scission of the worm-like elles greatly influences the relaxation process,
and a slightly weaker concentration dependencepneticted /1, ~ C 3.

In our current work, the morphology of lecithin miles that were formed in nonaqueous
solutions was probed using dynamic light scatteand solution rheology, and the concentration
dependence ofiy was compared to scaling relationships. Moreodere to entanglements
between the worm-like micelles, the electrospinnbhavior of the lecithin solutions was
evaluated.  Electrospun phospholipid membranes raveel candidates for biomedical
applications due to their suppression of proteinsogation and platelet adhesion.
Electrospinning phospholipid solutions will affodirect fabrication of bio-functional, high
surface area membranes without the use of comgticaiectrospinning designs, or post

processing surface treatments.

8.3 Experimental

8.3.1 Materials
Lecithin (obtained from soybean) was purchased fiduka, and used as received. Lecithin

was obtained as a mixture of phospholipids andraklipids, and the main component was

“IColby R H, Rubinstein M. Two-parameter scalingfotymers ing solvents. Macromolecules 1990;23:2758-
2757.
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phosphatidycholine (25 %). The lecithin contairess than 3 mol% water, and lecithin was
stored at —28C under argon atmosphere. Figure 8.1 shows th@asition of lecithin wher®
and R are fatty acid residues with different degreessafuration. The fatty acid residues
contain between 15 and 17 carb8?fs.All other solvents and reagents were purchaseah fr
commercial sources and used without further puaiifos.
8.3.2 Instrumentation
Dynamic light scattering (DLS) studies were perfedrwith an ALV-CGS3 goniometer

(23 mW, 632.8 nm HeNe laser) at a 90° scatterimgeaend 25 0.1 °C. Lecithin was dissolved
in a cosolvent mixture 70/30 wt/wt chloroform/ditngt formamide (CHGJDMF) at
concentrations between 0.01 wt% and 5 wt%. Stesadgr experiments were performed with a
VOR Bohlin strain-controlled solution rheometer2& + 0.2 °C using a concentric cylinder
geometry. The bob and cup diameters employechfwlogical measurements were 14 and 15.4
mm, respectively. Electrospun fiber diameter andphology were analyzed using a Cet550
field emission scanning electron microscope (FEREMFibers for FESEM analysis were
collected on a 1/4” X 1/4” stainless steel meshunmted on a SEM disc, and sputter-coated with
an 8 nm Pt/Au layer to reduce electron chargingot$f Fifty measurements on random fibers
for each electrospinning condition were preformed average fiber diameters are reported.
8.3.3 Electrospinning Process

Lecithin was dissolved in 70/30 wt/wt CH{DMF at various polymer concentrations. The
solutions were then placed in a 20 mL syringe, Wwhi@s mounted in a syringe pump (KD
Scientific Inc, New Hope, PA). The positive lealdaohigh voltage power supply (Spellman

CZE1000R; Spellman High Voltage Electronics Corgiorg was connected to the 18-gauge

492 Orthoefer F. Lecithin and health. 1998; Vital hieadublishing, Bloomingdale, IL.
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residues with different degrees of unsaturation
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syringe needle via an alligator clip. A groundedtah target (304-stainless steel mesh screen)
was placed 10 cm from the needle tip. The syring@mp delivered the polymer solution at a

controlled flow rate of 6 mL/h, and the voltage waaintained at 15 kV.
8.4 Results and Discussion

Phospholipids are surfactants that form reversersgdi micelles in dilute nonpolar solutions
with their polar head groups directed towards tlydrdphilic core of the micelle. These
spherical micelles undergo a one-dimensional, dyieal growth upon increasing the surfactant
concentration. Figure 8.2 shows the typical micetlgowth and entanglement of lecithin
micelles. At the critical micelle concentrationMC) the lecithin amphiphiles rearrange to form
spherical micelles, and after the micelles undengmdrical growth, entanglement couplings at
the entanglement concentratid®.) are formed. Figure 8.3 shows the hydrodynamild &)
of lecithin in 70/30 CHGYDMF solutions as a function of concentration. Hwerage micelle
size was approximately 9 nm with a CMC of approxegha0.1 wt%. This value is in good
agreement withlR, values of lecithin micelles in cyclohexene asieatrneasured by Kanamaru
and Einagd®® Moreover, within the concentration range investiigl, the spherical micelles did
not grow in size. Other researchers also obseamaddependence of spherical lecithin micelles
size with concentratiof’* DLS measurements were unreliable at higher cdraté@mns where
the spherical micelles formed cylindrical micelthge to overlap of the cylindrical micelles.

The lecithin solutions were characterized usingrairs controlled solution rheometer in the

semi-dilute concentration regime. Figure 8.4 shthvesconcentration dependence of the specific

93 Kanamaru M, Einaga Y. Polymer-like structure afikin reverse micelles in the lecithin+water+cywaene
system. Polymer 2002, 3925-3936.

404 Cirkel P A, Koper G J M. Characterization of léait cylindrical micelles in dilute solution. Langind.998, 14,
7095-7103.
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viscosity (1sp) for the lecithin solutions. Thés, is defined as:/sp = (f0-hs)/ hs, Wherehs is the
solvent viscosity. The entanglement concentrafi@y) was 35 wt%, which separated the semi-
dilute unentangled and the semi-dilute entanglgthre. In a similar fashion to polymer coils,

the worm-like micelles formed entanglement coudiaoveC.. The slopes in the semi-dilute

Figure 8.2. Lecithin transition from amphiphilic teoules to entangled, worm-like micelles.
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unentangled and semi-dilute entangled regimes \Reteand 8.4 respectively, which were
significantly larger than predicted for neutral ymakrs in a good solventig, ~ C**° and
hss~C>" in the respective unentangled and entangled regjimdloreover, the concentration
dependence ofs, was also greater than predictions from the rellrgihain scission modehy,
~ C>? for the case off, >>1t,, Solution rheological studies of micellar solusgperformed in
other researcher laboratories also displayed expsnkarger than 5.2%8° In particular,
Cappelaere et al observed a power-law exponent of approximately ZI@r
cetyltrimethylammonium bromide aqueous solutitfis. The unusually large concentration
dependence suggests the presence of intermoleasgkwciations between the worm-like
micelles?’ Polymer chains that are modified with associafimyctional groups also display a
very strong/p dependence on concentration due to the increasdxhlmlity of intermolecular
associations compareditdramolecular associations with increasing concentnafiy*®41°

Our laboratories have previously described the topfsehain entanglements as a criterion for
the formation of electrospun fibet¥. Polymer droplets were formed @t< C,, and fibers with
beaded structures or uniform fibers were formed at C.. Generally, it was observed that

uniform fibers were formed at 2 to Z5due to stabilization of the electrified jet anghgression

%5 Magid L J. The surfactant-polyelectrolyte analoglyPhys. Chem. B 1998, 102, 4064-4074.

%% Cappelaere E, Cressely R, Decruppe J P. Lineanamdinear rheological behavior of salt-free aquieGTAB
solutions. Colloids and Surf. A: Physiochem. Engpécts 1995, 104, 353-374.

%7 Rubinstein M, Semenov A N. Dynamics of entangleldtions of associating polymers. Macromolecules.
2001;34:1058-1068.

4% English R J, Gulati H S, Jenkins R D, Khan S AluSon rheology of a hydrophobically modified alkabluble
associative polymer. J. Rheol. 1997, 41, 427-444.

9 Regalado E J, Selb J, Candau F. Viscoelastic hahaf/semidilute solutions of multisticker polymeains.
Macromolecules 1999, 32, 8580-8588.

*"McKee M G, Elkins C L, Park T, Long T E. Influenof random branching on multiple hydrogen bonding
poly(alkyl methacryalte)s. Macromolecules 2005, &&]5-6023.
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of the Raleigh instability from the entanglementuglngs. All lecithin solutions were
electrospun at constant conditions, 15 kV, 6 miylinge flowrate, and 10 cm working distance,
from the semi-dilute unentangled and semi-dilutaregled regimes. The solution rheological
experiments and electrospinning trials were peréat@at the same conditions (room temperature,
70/30 wt/wt CHC4DMF) to ensure constant hydrodynamic dimensionsthe worm-like
micelles in solution prior to experiencing the #liecfield. Figure 8.5 shows FESEM images of
electrospun fibers that were formed from variouscemtrations of lecithin in 70/30 wt/wt
CHCIs/DMF. At 33 wt% C < C,) droplets were formed due to the absence of elgarants in
the supramolecular structure, which resulted irtakelization of the electrified jet (Figure 8.5a).
As the concentration was raised to 35 wt@) (droplets still dominated the morphology,
although there was evidence for a low concentratidibers between the droplets (Figure 8.5b).
Figure 4c shows electrospun fibers with an avechgmeter of 2.8mm were formed at 43 wt%
(C > Co). Fibers were formed fo€ > C. since the entanglements between the worm-like
micelles stabilized the electrospinning jet, andvented break-up of the jet. It is important to
note the transition from beaded fibers to fiberthvalongated beads when comparing Figures
8.5b and 8.5c; this phenomenon was also obsenvesef@ral different polymer familids™++
Uniform, electrospun fibers with an average fibemteter of 3.3m were formed when lecithin
was electrospun at 45 wt% (Figure 8.5d). Findhg, average fiber diameter increased from 4.2
to 5.9 !m as the lecithin concentration was raised furtinem 47 to 50 wt% respectively

(Figures 8.5e and 8.5f). It should be noted thedteospun fiber formation would not be

“1 Fong H, Reneker D H. Beaded nanofibers formechduglectrospinning. Polymer 1999, 40, 4585-4592.

2 ee KH, KimH Y, Bang H Y, Jung Y H, Lee S G. Ttleange of bead morphology on electrospun polyséyre
fibers. Polymer 2003, 44, 4029-4034.
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Figure 8.5. FESEM images of electrospun phosphadigC. = 35 wt%). All images were

collected at the same magnification
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possible if the phospholipids did not form a supodeoular entangled network since individual
phospholipids are low molar mass compounds thanaepable of forming entanglements.
Based on the normalized polymer concentratiQiC{), the average electrospun fiber
diameter D) was accurately predicted for various polymer fasj molar mass, and chain
topology according to the equatioB[/m] = 0.18C/Co*’. The empirical correlation under
predicted the fiber diameter for poly(alkyl methdate)s with quadruple hydrogen bonding
capabilities due to the strong concentration depecel of the solution viscosify? Also, the
equation over predicted the electrospun fiber zepolyelectrolytes that possessed relatively
large solution conductiviti€¥® Figure 8.6 compares the dependence of the phiisichfiber
diameter on normalized concentration to the elspirming behavior of neutral, non-associating
polymers (black line). In addition, the fiber diater dependence for poly(alkyl methacrylates)
with pendant quadruple hydrogen bonding groupsdtuded from reference [406]. Due to the
associations that are formed between hydrogen hgndroups, the fiber diameter was
significantly larger than predicted. Based onmspéection of Figure 8.6, it is apparent that that
the lecithin electrospinning behavior was similarassociating polymers, which is consistent
with the presence of intermolecular associations/éen the lecithin micelles. Figure 8.7 shows
the dependence of the average fiber diameter fignfor the micellar solution. The
electrospinning behavior was also compared to teeigus correlations developed for neutral,
non-associating polymers (black line). Figure Bidicates excellent agreement between the
phospholipid fiber diameter and the neutral polyfiiezr diameter at a given value 4f. Thus,
the large deviation from the fiber diameter G/ICe relationship was due to the strong

concentration dependence faf for the entangled lecithin micelles solutions. isThbservation

“3McKee M G, Hunley M T, Layman J M, Long T E. Maorolecules 2005, submitted for publication.
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was also similar to the electrospinning behaviothef associating polymers as discussed in our

earlier reference [390].

8.5 Conclusions

Electrospun phospholipid membranes are potentiatlidates for biomedical applications
due to their suppression of protein adsorption gatelet adhesion. Moreover, these
phospholipid nonwoven fibrous mats afford diredtrieation of bio-functional, high surface area
membranes without the use of multiple synthetipsteomplicated electrospinning designs, or
post processing surface treatments. Future warkn four laboratories will investigate the
performance of the biocompatible phospholipid meanbs as scaffolds for tissue engineering,
drug delivery, wound care, and suture materials.cdnclusion, the formation of micron-scale
fibers from entangled amphiphilic molecules in #&cwospinning environment is demonstrated

as a general methodology for the formation of ndebus structures.
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Chapter 9. Electrospinning from the Melt: Effectsof Branching and

Multiple Hydrogen Bonding

9.1 Abstract

The influence of random branching and intermolectigdrogen bonding on the
rheological behavior and melt electrospinning pssceas investigated. A series of randomly
branched poly(methyl methacryate-2-ethylhexyl methacrylate) (PMMA&e-PEHMA) were
synthesized with control of branching agent andrchi@nsfer agent ratio. The average melt
electrospun fiber diameter showed an exponentipEni@dence on weight average molar mass
(My) for the linear PMMAeo-PEHMA copolymers. Furthermore, an increase imdinang
resulted in reduced fiber diameters at eqdal This was attributed to fewer entanglement
couplings and reduced viscosity of the branchedlscaompared to the linear coils.
Unfortunately, sub-micron fibers were not produedth highly branched PMMAco-PEHMA
since self-standing fibers were not formed duehtodignificant reduction in the glass transition
temperatureT).

Linear and star-shaped poly(D,L-lactides) (PDLLAfhwadenine (A) and thymine (T)
functionalized endgroups were also electrospun filmenmelt phase. The thermoreversibility of
the A and T tailored polymers controlled the filseze in the melt electrospinning process. A
blend of the A and T functionalized polymers welectospun at temperatures above the
hydrogen bond dissociation temperature, and algwtrospinning jet was cooled in ambient
air, complementary hydrogen bonding between adesmaethymine groups controlled the final

fiber diameter.
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9.2 Introduction

Electrospinning has garnered significant attensorce the process generates fibers on
the order of 100 nm to b, which are orders of magnitude smaller than coneeally
processed fibers. The resulting nonwoven membranegposed of ultra-fine fibers are very
attractive for applications where high specificfaoe areas are needed. The vast majority of
electrospinning studies have involved solvent bapeatessing. Common electrospinning
solvents, such asN,N-dimethyl formamide (DMF), N,N-dimethyl acetamide (DMAC),
tetrahydrofuran (THF), and chloroform (CHElare not desirable due to health and
environmental considerations. Moreover, the praditg of solvent-based electrospinning is
very low since >90 % of the solution is often saliveThus, from a cost and health stand point it
is advantageous to generate electrospun nonwobersfirom the bulk phase. Larrondo and
Manley were the first to utilize melt electrostapimcessing for the formation of poly(ethylene)
and poly(propylene) fibef8*** The authors studied the influence of temperaelestric field
strength, and the collector take-up speed on tlezage fiber diameter. The fiber diameter
decreased with increasing temperature, field strerand take-up speed, however the smallest
fibers were greater than Ifin in diameter. Thus, initial melt electrospinnisiyidies revealed
unlike solution electrospinning, there is no sight decrease in fiber size relative to
commercial processing methods.

Since then, other researchers have attempted d¢tradpin different polymers from the

melt phase in an attempt to form fibers less thamlin diameter. In particular, Reneketral

* Larrondo L, St. John Manley R. Electrostatic fispmning from polymer melts. I. Experimental olvsgions on
fiber formation and properties. J. Polym. Sci. BarPolym. Phys. 1981;19:909-920.

15 Larrondo L, St. John Manley R. Electrostatic filspimning from polymer melts. Il. Examination oétflow field
in an electrically driven jet. J. Polym. Sci. PArtPolym. Phys. 1981;19:921-932.
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electrospun molten poly(propylene), poly(caprolaejp and poly(ethylene naphthalate) in a
vacuum to increase the electric field strength eledtrical forces in the polymer j&f Lyonset

al. electrospun poly(ethylene terephthalate) intoratrolled temperature environment in order to
keep the polymer molten during its flight to thegt thereby increasing the degree of draw in
the jet.*” However, these methods were not successful iduging uniform fibers less than 1
mm in diameter. Unlike electrospinning from solationo bending instability or whipping
motion was observed for the polymer melts due @jét’'s high melt viscosity and relatively
short path length. It is this lack of whipping talsility, which prevents the formation of
uniform, sub-micronelectrospun fibers. It was proposed that elevateaperatures and high
electrical conductivities are necessary for theesbi$ bending instability in molten jets, and the
formation of melt fibers less than/in in diametef’® However, these criteria must be balanced
with the thermal stability and processibilty of ywler melts.

Branched polymers possess a smaller hydrodynamligmeé compared to a linear
polymer of equal molar maé¥ If the branches are not highly entangled, theditad polymer
displays a lower melt viscosity than a linear podynof equivalent molar mass, and may be
promising candidates for melt electrospinning df-suicron fibers. Previously, our laboratories
synthesized highly branched polyesters and politifaree urea)s which were prepared using an

A, + B; method, where the Aspecies is oligomerit:>*?° If My, > M, for the A compound,

“1® Reneker D H, Hou H, Rangkupar R, Lennhoff J DcEtespinning polymer nanofibers in a vacuum. Ame®h
Soc. Polym. Prepr. 2003;44:68-69.

“I7Lyon J, Pastore C, Ko F. Development in melt-e@Esginning of thermoplastic polymers. Am Chem. Soc.
Polym. Prepr. 2003;44:122-123.

*8 Roovers J, Graessley W W. Melt rheology of some@hocomb polystyrenes. 1981;14:766-773.

“9Unal S, Yilgor I, Yilgor E, Sheth J P, Wilkes G lLong T E. A new generation of highly branched paéys:
Hyperbranched, segmented poly(urethane urea) etasto Macromolecules. 2004;37:7081-7084.
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these highly branched polymers entangled and foretectrospun fibers from solution, while
still possessing a lower, compared to a linear counterpari@fier molecular weight?* This is
attributed to the highly branched chain possessilayver entanglement density compared to the
linear chain. In fact, Shettt al measured solution viscosities for highly brancekegmented
poly(urethane urea)s and observed significantlyelonero shear viscositiego] compared to a
linear polymer ofower molar masé?

Combining the branched architecture with thermargtée functional groups in tandem
may result in the desired melt viscosity for prasut of sub-micron electrospun fibers.
Thermoreversible polymers display processing acged at temperatures above the dissociation
temperature of the hydrogen-bonding group, whitaingng high molar mass polymer properties
at ambient conditions. In particular, adenine #ngnine functionalized star-shaped poly(D,L-
lactides) (PDLLA) are investigated. Adenine angntine are DNA base pairs that form strong
hydrogen bond associationé(= 130 M%) in a complementary fashidf® It is proposed that
melt and solution blending of adenine and thymiaecfionalized star-shaped polymers will
result in supramolecular structures that will exhéxceptional flow due a lower entanglement

density in the dissociated branched state.

“2yUnal S, Lin Q, Mourey T H, Long T E. Tailoring thegree of branching: Preparation of poly(ethezrdstvia
copolymerization of poly(ethylene glycol) oligomégi?) and 1,3,5-benzenetricarbonyl trichloride (B3)
Macromolecules. 2005;38:3246-3254.

“2 McKee M G, Park T, Unal S, Yilgor |, Long T E. Eteospinning of linear and highly branched segmente
poly(urethane urea)s. Polymer. 2005;46:2011-2015.

“22gheth J P, Unal S, Yilgor E, Yilgor |, Beyer Alng T E, Wilkes G L. A comparative study of theusture-
property behavior of highly branched segmented (poéthane urea) copolymers and their linear anal®glymer
2005, in press.

42 Kyogoku Y, Lord R C, Rich A. The effect of subsgnts 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 complementaryrbgein bonding on melt viscosity
and electrospun fiber formation is presented. tFirsndomly branched poly(methyl
methacrylatezo-2-ethylhexyl methacrylate) (PMMA&e-PEHMA) copolymers were synthesized
and evaluated for melt electrospinning. Then,dinand 4-arm star shaped telechelic PDLLA
were electrospun to discern the interplay betwdencarchitecture and thermoreversibility for

potential production of sub-micron fibers.

9.3 Experimental Section

9.3.1 Materials

All reagents were used without further purificatiomethyl methacrylate (MMA) and 2-
ethylhexyl methacrylate (EHMA) were purchased fr@gma Aldrich and passed through a
neutral alumina column to remove radical inhibitoEghylene glycol dimethacrylate (EGDMA),
1-dodecanthiol (DDT), and 2,2’-azobisisobutyrotetifAIBN) were purchased from Aldrich and
used as received. All other solvents and reageets purchased from commercial sources and
were used without further purification.
9.3.2 Instrumentation

Molar masses were determined at@0in tetrahydrofuran (HPLC grade) at 1 mL fhin

using polystyrene standards on a Waters 717 AutplesirBEC system equipped with 3 in-line
PLgel 5mm MIXED-C columns, Waters 410 RI detector, ViscoB®0 dual detector, and an in-
line Wyatt Technology Corp. miniDAWN multiple anglaser light scattering (MALLS)
detector.'H NMR spectroscopy was performed on a Varian Ua@§ spectrometer at 400 MHz
in CDCl or THFdg. Melt rheology was performed on a TA InstrumeAR 1000 stress-

controlled rheometer. A 25 mm parallel plate getmynevas used for all samples, and strain
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amplitudes were limited to the linear viscoelaségime over a frequency range of 0.1 to 100
Hz. The temperature was varied from 60 to 1CGor PMMA-co-PEHMA. Time-temperature
superposition (TTS) was performed on the linear lar@hched PMMAco-PEHMA copolymers
with a reference temperature of 17Q. Electrospun fiber diameter and morphology were
analyzed using a LE01550 field emission scanning electron microsc§p&SEM). Fibers for
FESEM analysis were collected on a 1/4” X 1/4” i@ 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 ramdip branched PMMAco-
PEHMA, MMA (10 g, 100 mmol), EHMA (8.5g, 42.9 mmplpPDT ranging in concentration
from O to 17 wt%, and EGDMA ranging in concentratfoom 0 to 15.0 wt% compared to MMA
and EHMA were added to a 250 mL round-bottomedkfleguipped with a magnetic stir bar.
The monomers were diluted with ethyl acetate (180gyt%), and the initiator AIBN (0.1 to 1.2
wt% compared to MMA plus EHMA) was added to thesitia The round-bottomed flask was
equipped with a water condenser, sparged witfoN10 minutes, and placed in a 0 oil bath.
The polymerization was allowed to proceed for 2dnider continuous Nflow. The polymer
was precipitated into methanol and dried under wacat 90°C for 24 h
9.3.4 Melt electrospinning process

The dry polymer powder was placed in a glass mpétt mm inner diameter). The
pipette was wrapped in an electrically heated band,grounded via an alligator clip connected
to copper wire wrapped around the top of the pgpefthe positive lead of a high voltage power

supply (Spellman CZE1000R; Spellman High Voltageckbnics Corporation) was connected
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to a piece of aluminum field wrapped around théectbr target. A nitrogen purge was kept on
the pipette during heating to reduce polymer degftad. After exceeding a particular

temperature, the polymer flowed from the pipetpeaind was directed vertically down towards
the collector, which was charged with 30 kV. Therking 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-PEHM
Conventional free-radical polymerization methodasgwere utilized to synthesize
linear and branched analogs of PMMAPEHMA random copolymers. The composition of all
linear and branched copolymers was 30 mol% EHMAethice the glass transition temperature
(Ty), and help facilitate flow through the pipette. balanced stoichiometry of the branching
agent (EGMDA) and chain transfer agent (DDT) wetitkzed to generate uncross-lined, highly
branched copolymers. Figure 9.1 shows the freigabg@olymerization scheme for the highly
branched copolymer. Sherringteh al previously utilized the same procedure for thetlsgsis
of branched PMMA®*?* Table 9.1 shows the ratio of EGDMA to DDT, the gigiaverage molar

mass, the molar mass distributiovn,{M,,) , and the contraction factors

24 |saure F, Cormack P A G, Sherrington D C. Synthesbranched poly(methyl methacrylate)s: effedhef
branching comonomer structure. Macromolecules 28042096-2105.
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Figure 9.1 Synthesis of linear and randomly braddP&MA-co-PEHMA
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Table 9.1. Molar mass and contraction factor datdifiear and branched PMMA-co-PEHMA

wit% My
Wt% DDT Mu/M2 g°
EGDMA (kg/moly?
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

®SEC conditions: THF, MALLS, viscosity detector, 4D
The contraction factor (g’) measurement has anresfat .05 based on multiple SEC runs
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(g) for the linear and randomly branched PMMAPEHMA copolymers. As mentioned
previously,g’ is the ratio of the intrinsic viscosityl] of a branched chain to thé&][of a linear
chain of equal molar mass. Consequenflylecreases as the degree of branching increases. A
the level of EGDMA was raised from 7 to 15 wt%, ahd relative amount of DDT was kept
constantg’ decreased from 0.63 to 0.36 (the last three riowisable 9.1). It is important to note
that theM,, values remained equivalent since the ratio of divarg agent to chain transfer agent
remained constant. To determine the role of brisagcbn the melt rheology and electrospinning
behavior, it is critical to deconvolute branchingl®/,, effects.

Figure 9.2 shows the intrinsic viscosit§] [dependence dfl,, for a linear and randomly
branched PMMAco-PEHMA in THF at 40°C. The linear copolymer had &y, andg’ of 148
kg/mol and 0.99 respectively, while the branchedotgmer had arM,, andg’ of 162 kg/mol
and 0.34 respectively. The slopes of the linesthee Mark-Houwink exponenta, which is
considered a shape factor as shown in Eq. {&°1).

[A] = KM W* (9.1)
The linear copolymer displayed an exponent of OwRich is typical of a random, flexible
polymer in a good solvent, while the branched cgpelr displayed an exponent of 0.41.
Branched polymers typically possess smaller Markmdok exponents due to their relatively
more compact chain conformation compared to liqgaymers. The procedure utilized by
Lusignanet al was employed to determine the average branchrmmlas Kl,).**® From Figure
9.2, the average branched molar mass of the raydarahched PMMAco-PEHMA copolymer

wasMy = 10.5 kg/mol.

4% Wilkes G L. An overview of the basic rheologicaHavior of polymer fluids with an emphasis on podym
melts.J. Chem. Ed. 1981;58:880-892.

428 |_usignan C P, Mourey T H, Wilson J C, Colby R Hsabelasticity of randomly branched polymer in the
vulcanization class. Phys. Rev. E. 1999;60:5657566
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Figure 9.2 Intrinsic viscosity/]] dependence dfl,, for a linear and randomly branched PMMA-
co-PEHMA in THF at 40°C. The linear copolymer had &h, andg’ of 148 kg/mol and 0.99
respectively, while the branched copolymer had Mp 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 alihear viscoelastic regime between
60 and 170°C for the PMMA€o-PEHMA copolymers. Time temperature superpositias
employed for the linear and branched copolymerk witeference temperature of 1. This
reference temperature was used since the copolywexes melt electrospun at 17C. Figure
9.3 shows the storage moduluS’)(master curve for a series of linear PMMA-PEHMA,
where M,, was varied from 19.5 kg/mol to 276 kg/mol. Thertmal regime systematically
shifted to lower frequencies witil,, as expected due to entanglement couplings incrgdke
longest relaxation time. All the copolymers showtied limiting behaviorG'~ w#, wherewis
the frequency. The entanglement molar m&&$ (as determined from Eq. (9.2),

_rRT

M
G,’

e

(9.2)

whereG\’ is the plateau modulus determined from Figure @i8,the polymer melt densitR is
the gas constant, afidis the absolute temperature. From Eq. (M2Jor the linear PMMAeo-
PEHMA with 30 mol% EHMA was 18.5 kg/mol. Figuredcompares th& master curves of a
linear and randomly branched PMM&®-PEHMA of nearly equaM,,. The molar mass and
branching information for the two copolymers iswhan Figure 9.2. It is apparent that there is
no distinct plateau for the branched copolymer bsealespite having av,, of 162 kg/mol, the
branched chain is only weakly entangl&th/M. < 1). Since the branches are not entangled, the
short branch segments can relax via short-rangeerbke motions.

Figure 9.5 shows the dependencefwfon M, for the linear and randomly branched

PMMA-co-PEHMA copolymers. The critical entanglement matass §l.) separates the
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Figure 9.4 Comparison of storage modulus mastefesunetween linear and randomly branched

PMMA-co-PEHMA.
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unentangled regime and the entangled regime. BBlgwyp ~ M,, and the chains are not long
enough to entangle with each other. In this regithe viscosity increase with,, is due to
friction generated from chain segments sliding bg another. Above/., the chains are long
enough to entangle arfis ~ M,,>* for linear polymers. From Figure 98, for the PMMA<o-
PEHMA linear copolymers is approximately 40 kg/mdlhus, for the PMMAco-EHMA linear
copolymeraVl; = 2.2M.. These values are in good agreement with otheati flexible polymers
since M. is typically 2 to 3 timesMe*?’ Moreover, theM, for PMMA-co-PEHMA is
intermediate of reportell. values for PMMA homopolymer and PEHMA homopolyrffér.

The Ay of the branched copolymers is compared to theticepolymers of equadl,, in
Figure 9.5. All the branched PMMée-PEHMA displayed reducedr, due to a lower
entanglement density compared to the linear chaims. particular, the/,y systematically
decreased a3 decreased from 0.62 to 0.36 for the three copehgthat possessed nearly equal
M,, of approximately 25 kg/mol.

9.4.3 Melt electrospinning linear and randomly branched PMMA-co-PEHMA

The poly(alkyl methacrylate)s were melt electros@i 170°C, 30 kV, and a 10 cm
working distance. Figure 9.6 shows the dependehdee average fiber diameter bh, for the
linear copolymers. Unfortunately, even at the Istvmolar mass the fiber diameters were
greater than 10mm. Lyons et al performed melt electrospinning studies on a seoé

poly(propylene)s, and also observed an exponawri@ionship between average fiber diameter

27 7ang Y-H, Carreau P J. A correlation betweenaaitend-to-end distance for entanglements and mialechain
diameter of polymers. J. Appl. Polym. Sci. 199114%5-1968.

% Fetters L J, Lohse D J, Graessley W W. Chain d#ieis and entanglement spacings in dense macromteiec
systems. J. Polym. Sci. Part B: Polym. Phys. 1909(®3-1033.
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Figure 9.6 The dependence of the average fiberaetemonM,, for linear PMMA-co-PEHMA

melt electrospun fibers.
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andM,..** Figure 9.7 shows FESEM images of melt electrodjhers formed from randomly
branched PMMAco-PEHMA. TheM,, values for the series are listed in Table 9.1, amdall
approximately 25 kg/mol. The average fiber diamdexreased from 43 to ¥fn as the degree
of branching increasedy(decreased from 1.03 to 0.36 respectively). Tbkerelase in fiber
diameter with branching was due to the reductiofisisince the branches reduced entanglement
couplings between chains. Although the fiber dinédecreased significantly, relatively large
fibers were still produced compared to solutiorceetespinning. Melt electrospinning randomly
branched PMMAco-PEHMA copolymers withg' values less than 0.36 was attempted; however
self standing fibers were not formed due to theniigant reduction in the glass transition
temperatureTg). Thus, electrospinning the branched copolymeovqu unsuccessful for the
formation of sub-micron fibers from the melt phaNext the melt electrospinning performance
of linear and star-shaped poly(D,L-lactide) (PDLLwith hydrogen bonding was evaluated.
9.4.4 Melt electrospinning linear and star-shaped telechelic PDLwAth complementary
hydrogen bonding

Telechelic linear and 4-arm star PDLLAs were praslg synthesized in our laboratories.
The polymers were end functionalized with the DN&sé pairs, adenine (A) or thymine (T).
Figure 9.8 shows a cartoon depicting the compleangntature of the adenine and thymine
association in a 4-arm star PDLLA. Since adenmétaymine generally cannot self-associate, a
50:50 blend of A and T functionalized PDLLAs werreared from solution. It is proposed that
after dissociation of A and T between branched pels in the melt phase, exceptional flow
properties may be obtained due a lower entangleaemdity in the dissociated branched state.

Melt electrospinning studies were performed ondm@,, = 13

429 Lyons J, Li C, Ko F. Melt-electrospinning parptocessing parameters and geometric parametessnéol
2004;45:597-603.
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Figure 9.7. FESEM images of electrospun melt fidersied from randomly branched PMMA-
co-PEHMA. Mw for the copolymers were approximat&$ kg/mol wile the degree of

branching varied. As g’ decreased from 1.03 (lip&a0.36 (highly branched), the average fiber

diameter decreased from 43 to /8.
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kg/mol, M/M,, = 1.20) and star-shapeill, = 45.6 kg/molM,/M,, = 1.37) PDLLA to determine
the influence of branched architecture and supracutdr structures on the fiber formation. The
linear backbone and star arm possessed the santeenoffentanglements in the melt based on a
M value of 10 kg/mdf° (M./Me = 1.3 andVl/M. = 1.2 for linear and star-shaped respectively).
Figure 9.9 shows FESEM images of electrospun fipesduced from (a) adenine functionalized
star PDLLA, (b) thymine functionalized star PDLL&) 50:50 blend of the adenine and thymine
functionalized star polymers, and (d) an unfundlaed star PDLLA. The electrospinning
conditions were 18C0C, 30 kV, 6 cm working distance. It was importdat raise the
temperature above the A-T dissociation temperatorécilitate melt flow from the pipette.
Above the dissociation temperature, the polymert rfielved from the pipette and formed a
Taylor cone, from which the jet initiated. As tie traveled towards the counter-electrode
through ambient air it was cooled, and it was psgabthat A and T groups will associate with
one another.

Since A and T cannot hydrogen bond in a self-complgary fashion there was no hydrogen
bond associations in the electrospinning jet whaimed the fibers shown in Figures 9.9a and
9.9b. Moreover, the average fiber diameters frloenA and T functionalized star polymers were
essentially identical (approximately 4.0 and 4w respectively) since the polymers did not
associate and had equivalévij, values. The average fiber diameter of the 50:5D Bend
shown in Figure 9.9c was significantly larger (9#1) due to formation of intermolecular
associations in the electrospinning jet betweenathenine and thymine groups. Consequently,
the thermoreversibility of the A and T tailored yrolers controlled the fiber size in the melt

electrospinning process. Figure 9.9d shows theagesfiber diameter of the unfunctionalized

30 Fetters L J, Lohse D J, Graessley W W. Chain d#ieis and entanglement spacings in dense macromteiec
systems. J. Polym. Sci. Part B: Polym. Phys. 1909(®3-1033.

263



0.4 pum

N |

3.6 £

fi4-150 '21

Figure 9.9. FESEM images of electrospun fiber poed from star-shaped PDLLM(, = 45.6
kg/mol, M\/M, = 1.37). (a) Adenine functionalized star-shapedLIEA, (b) thymine
functionalized star-shaped PDLLA, (c) 50:50 blefcédenine and star shaped polymers, and (d)

unfunctionalized PDLLA.
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star was 3.6mm, which was slightly smaller than fibers formednfiothe A and T functionalized
polymers. This suggests there may be some selplernentary hydrogen bonding between A-
A and T-T groups. Future work will attempt to meliectrospin oligomers functionalized with A
and T groups to ascertain the feasibility of suloron fibers production.

Finally, Figure 9.10 shows FESEM images of eleguosfibers produced from a 50:50
blend of A and T end-functionalizdthear PDLLA (M,, = 13 kg/mol,M,/M, = 1.20). The
average fiber diameter was 2:10.3 /i, which is significantly smaller than the 50:5@rud of
functionalized star polymers in Figure 9.9c. Thias attributed to the larger weight average

molar mass of the star-shaped compared to ther [RBALA.

9.5 Conclusions

The influence of branching and intermolecular hg#m bonding on the rheological
behavior and melt electrospinning process was tigaed. A series of randomly branched
PMMA-co-PEHMA was synthesized with various degrees of ddnang by controlling the ratio
of EGDMA and chain transfer agent, DDT. Linearcaislastic measurements displayed that the
branched copolymers were weakly entangled sinceetheas no distinct plateau region.
Moreover, thefy values for the branched PMMés-PEHMA were significantly smaller than the
linear copolymers of equdll, due a lower entanglement density of the branclugd. c Melt
electrospinning experiments revealed that the aeefder diameter displayed an exponential
dependence oNl,, for linear PMMA<o-PEHMA. Moreover, the fiber diameter decreasedwit
increasing degree of branching due to the reduisasity of the branched polymers. However,

when branched polymers withvalues less than 0.36 were melt electrospun;statiding fibers
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Figure 9.10 FESEM image of linear melt electrosphars produced from a 50:50 blend of A

and T functionalized linear PDLLA. The averageefidiameter is 2.1 0.3 //m.
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were not formed due to the significant reduction time glass transition temperature.
Consequently, electrospinning the branched copalympeoved unsuccessful for the formation
of sub-micron fibers from the melt phase.

Linear and star-shaped PDLLA with adenine and thgnfunctionalized endgroups were
also electrospun from the melt phase. The themeosility of the A and T tailored polymers
controlled the fiber size in the melt electrospngniprocess. Intermolecular, complementary
hydrogen bonding between adenine and thymine wasre&d in the molten electrospinning jet
since a 50:50 blend of A and T functionalized PDIsLdisplayed significantly larger fibers
compared to the single component polymers. It lshdne noted that ester interchange of
PDLLA might occur at these electrospinning conaiio Thus, future work should focus on
performing isothermal melt rheology measurements88°C, and SEC measurements of the as-

spun fibers to determine if the molar mass chanlyeshg processing.
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Chapter 10. Overall Conclusions

Electrospinning has emerged as a specialized ggsowetechnique for the formation of
sub-micron fibers (typically between 100 nm andm in diameter), with high specific surface
areas. Due to their high specific surface areglh Iporosity, and small pore size, the unique
fibers have been suggested for wide range of aggpics. The research objectives primarily
involved the influence of branching and intermolacunteractions on the solution rheological
behavior and formation of electrospun fibers frather the solution or the melt. The types of
interactive functionality that were investigatedcluded multiple hydrogen bonding and
electrostatic interactions. Since forming fibersni branched and functional polymers enables
one to tailor the performance of the sub-microer#) it is critical to understand the fundamental
relationships between the polymer composition amgology with respect to their

electrospinning behavior. The major findings frma present work are listed below.

(1) For neutral polymer solutions, chain entanglemeatgrol the ability to form electrospun
fibers. In particular, the minimum concentratian fiber formation iC,, while uniform,
bead-free fibers were formed at 2 to Z5 Shenoyet al later developed empirical
correlations, which were in excellent agreemenhwiese results*

(2) Branched polymers were readily electrospu@ atC.. Moreover, the effects of polymer
chain length and architecture on the electrospharfmorphology and fiber diameter

were removed when the concentration was normalge@.. Thus, the average fiber

*31shenoy S L, Bates W D, Frisch H L, Wnek G E. Raflehain entanglements on fiber formation during
electrospinning of polymer solutions: good solvewin-specific polymer-polymer interaction limit. Ipmer
2005;46:3372-3384.
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diameter was accurately predicted for linear anahtihed neutral polymer solutions
based solely on the entanglement den€§itZy).

(3) In nonpolar solvents, polymers with hydrogen bogdiapabilities displayed deviations
from the predicted electrospinning behavior for treu polymer solutions due to
associations between the multiple hydrogen bondgngups. Moreover, when
intermolecular hydrogen bonding was screened wittharp solvents, the predicted
electrospinning behavior was recovered.

(4) Branched polymers with multiple hydrogen bondingsiafford significant processing
advantages compared to functionalized, linear @satd equal molar mass. Branched
chains in the unassociated state possessed a Gygmmpared to the linear chains,
which indicated fewer entanglements couplings betwthe branched chains. However,
in the associated state the linear and branchadschad nearly equivalent values fay,
suggesting a similar degree of entanglements. ,Thtenched polymers would be
significantly easier to process in the unassociatate compared to linear polymers,
while still retaining sufficient entanglements imetassociated state due to the reversible
network structure of the multiple hydrogen bonésit

(5) Polyelectrolyte solutions formed nano-scale elasptom fibers with an average fiber
diameter 2 to 3 orders of magnitude smaller thantrakpolymer solutions of equivalent
ho and entanglement density. This was attributetthéovery high electrical conductivity
of the polyelectrolyte solutions, which impartetiigh degree of charge repulsion in the
electrospinning jet and increased the extent ddtjlatretching in the polymer filament.
The average fiber diameter of the polyelectrolybers was less than 100 nm, which

makes them attractive candidates for protectivéholg applications due to their high
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specific surface area. Moreover, salt additionesoed the electrostatic charge repulsions
along the polyelectrolyte backbone, and resulted neutral polymer solution
electrospinning behavior.

(6) Electrospun phospholipid membranes were produaed folutions of entangled worm-
like phospholipid micelles. This is the first exalm of successfully electrospinning low
molar mass compounds into uniform fibers. Elegnusing the phospholipid worm-like
micelles into nonwoven fibrous mats affords direngineering of bio-functional, high
surface area membranes without the use of multgylethetic steps, complicated
electrospinning setups, or post processing sutfaagments.

(7) Linear and branched polymers with thermoreversiolectionality were successfully
electrospun from the melt phase at temperaturegeatie hydrogen bond dissociation
temperature. Preliminary results suggested thangluelectrospinning the hydrogen
bond groups associate in the electrified jet as jd#teis cooled in ambient air.
Unfortunately, all fibers produced from the meltaph were greater than /im in
diameter, however it should be noted that the tepdiber diameters (<bm) were half

the size of the smallesteltelectrospun fibers reported in the literature.
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Chapter 11. Suggested Future Work

11.1 Formation of porous, ultra-high specific surfae area polyelectrolyte

fibers

Electrospinning solutions of PDMAEMACI and NacCl results in the formation of sub-
micron fibers with salt crystal at the surface andthe bulk of the fibers. Highly porous
nanofibers are obtainable if the NaCl crystals sekectively extracted from the bulk fibers.
Since the polyelectrolyte fibers and NaCl are better soluble it is necessary to inhibit the
dissolution of PDMAEMAHCI in water. Thus, future work will focus on thepolymerization
the monomer, DMAEMAHCI, with small levels of 2-hydroxyethyl methactda(HEA). The
subsequent functionalization of HEA with cinnamaylloride yields a polyelectrolyte with
pendant photo-curable grouf8. Post-electrospinning UV irradiation of the funcialized
copolymer nonwoven mats results in the formation @bss-linked, water-insoluble
polyelectrolyte fibers, upon which NaCl is easitracted. The resulting porous, nano-scale
fibers would be excellent candidates for antimicabbpplications.

11.2 Test the antimicrobial performance of polyeldcolyte nanofibers

The antimicrobial efficiency of cross-linked PDMMA.-HCI fibers should be
investigated. Comparing the antimicrobial behawietween cationic polyelectrolyte films and
nanofibers will reveal the advantages of high dpesurface area fibers for protective clothing

applications.

432 Gupta P, Trenor S R, Long T E, Wilkes G L. In gihoto cross-linking of cinnamate functionalizedygmethyl
methacryate-co-2-hydroxyethyl acrylate) fibers dgrélectrospinning. Macromolecules 2004;37:92118921
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11.3 Formation of nonwoven phospholipid membranesdm electrospinning

Our current research utilizes mixtures of phosgdé and uncharged lipids to generate
fibrous scaffolds, however future efforts will facon electrospinning micellar solutions of well-
defined phospholipids. In particular, the effetttte phospholipid structure, such as the ionic
strength of the head group or length of the hydtoma tail, on the worm-like micellar growth
and subsequent electrospinning behavior will bdeggd. Nonwoven membranes formed from
pure phospholipids and mixtures of phospholipidusthdbe characterized with energy dispersive
spectroscopy (EDS) and X-ray photoelectron speabms (XPS) to determine the effect of
phospholipid structure on potential bilayer forroatat the electrospun fiber surface.

Preliminary results from our laboratories displayedt uniform electrospun fibers were
produced when electrospinning phospholipids from tielt at 200°C. Future work should
focus on performing thermal gravimetric analysf$) NMR, and transient rheological
measurements to characterize the thermal stabilitye phospholipids.

Our laboratories have also recently synthesizedsgiaipids with photo-curable
functional head groups. Electrospinning phosplddigolymerized through the head groups
may Yyield fibers with improved mechanical integritgmpared to the fibers produced from
discrete phospholipids.  Finally, it is importand investigate the performance of the
biocompatible phospholipid membranes as scaffotastifsue engineering, wound care, and

suture materials.

11.4 Influence of thermoreversible polymers on elémspun fiber formation

from the melt phase

Preliminary results indicate that adenine and thenfunctionalized polymers display

thermoreversibility during melt electrospinning.le&rospinning from temperatures above the
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adenine-thymine dissociation temperature was atlito facilitate melt flow from the pipette.
Above the dissociation temperature, the polymett fi@hs from the pipette and forms a Taylor
cone, from which a jet is initiated. As the jeavieled towards the counter-electrode through
ambient air, it was proposed that hydrogen bondnmgips associated with one another. Future
efforts should focus on the formation of melt elespun fibers from adenine and thymine
telechelic oligomers wittM < Me. The thermoreversible associations between tlzolgen
bonding units should become evident since the wtikmmalized oligomers would only form

droplets due to insufficient chain entanglements.

11.5 Electrospin polymers with interactive functioralities in a side-by-side

setup

Gupta and Wilkes designed an electrospinning abpar that was capable of
electrospinning polymer solutions in a side-by-sidafiguration’*® The resulting sub-micron
fibers contained areas that were rich in the twiyrmper components. It would be interesting to
extend this idea to functional polymers that fommermolecular interactions. For example,
bicomponent electrospinning of cationic and anigmatymer solutions may result in a bilayer
fiber morphology of cationic and anionic domainsedio the attractive forces between the
oppositely charged polyelectrolytes. If this cqrtcevas extended to multiple solutions of
alternating oppositely charged fluids, there ispghssibility of forming multi-layered submicron
fibers composed of positively and negatively chdrtgyers. It would also be interesting to
explore the molecular recognition between adenind thymine functionalized polymers.
Electrospinning an adenine and a thymine functiaedl polymer from separate reservoirs may

result in the formation of unique fiber morpholagieThe resulting fibers may contain discrete

433 Gupta P, Wilkes G L. Some investigations on therfformation by utilizing a side-by-side bicompaone
electrospinning approach. Polymer 2003;44:6353-6359
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domains glued together at the molecular level. édwer, if thermally stable polymer were

selected, the concept is easily adaptable to regtrespinning.

11.6 Investigate morphological behavior of hydrogenbonding containing

copolymers

As shown in Chapter 6, rheological measurementghegd that the UPy functionalized
poly(alkyl methacrylate)s produced reversible neknsiructures in the melt phase. Micro-phase
separation of the PMMAo-UPYMA random copolymers should be investigated atamic
force microscopy (AFM) and small-angle x-ray saatig (SAXS) techniques. It would also be
useful to compare the micro-phase separated marghobf the poly(alkyl methacrylate)
copolymers that possess a random distribution nfl@et UPy groups to linear and star-shaped
telechelic poly(isoprene)s previously synthesizedir laboratorie$® Thus, it is possible to
discern the effect of UPy group placement on thmgdange order and periodicity of the hard
domains. Moreover, it would be interesting to eaterize the composition of UPy groups
across the molar mass distribution for the randahy(plkyl methacrylate) copolymers. Since
association between UPy groups absorb UV light,atposition of UPy groups across the
molar mass distribution could be determined by aglé UV detector in-line with the other SEC

detectors.
11.7 Characterize the orientation of hydrogen bondaig groups in the presence
of an electric field

The influence of electric field on orientation tffe UPy functionalized copolymers

should be investigated for potential sensing appbos. Kishikaweaet al synthesized novel

“34Elkins C L. PhD Dissertation, Department of ChengisVirginia Tech. 2005.
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liquid crystals, which displayed rectangular anadgonal columnar phases due to directional
urea hydrogen bondir> Before applying a voltage to the liquid crystadli ureas, the

compounds were arranged in columns with each colwas arranged in opposite directions.
Upon applying voltage, all the columns were orgadizn the same direction. The authors
showed the polar switching was reversible, becaafser removing the voltage, the urea

compounds changed back to their thermally stabiocmation.

% Kishikawa K, Nakahara S, Nishikawa Y, Kohmoto $nYamoto M. A ferroelectrically switchable columnar
liquid crystal phase with achiral molecules: Supegures and properties of liquid crystalline weia Am. Chem.
Soc. 2005;127:2565-2571.
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