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Polymer solutions arednvolved in essentially all stages golymer synthesis ai
purification, and often imodifications and processing. In this respestlutions that involve
supercritical or dense fluids are especially sigari. These fluids allo' the pressure (or
density)tuning of properties and moduleg the outcomes.

As is well known, polymer solutions may disg an upper or lower critical solutic
temperature or bothWith increasing solvent strength, tregion of miscibility is enlarge and
comgete miscibility may eventuallbe achieved in all proportion.instead, the solvent quali
is reducedthe UCST and LCST mecome closerreducing the homogeneous one phase re
and eventually maynerge and lead to an hour glass shaped region rofsicibility. These are
illustrated in Figure lwhere x represents the polymer fraction in the umx At ambient
pressure, such changes in the phase behavior laievalsle only by changing the solvent. 1
attractiveness of supercritical or dense fluidh& similar changes can beought about without
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Figure 1. Different phase behavior of polymer solutions tbah be achieved by changing
solvent, or by déring the pressu when the solvent is a supercritical flu



changing the solvent, but by simply altering thessur. This flexibility offers unmatche
opportunities for fine tuning of the system forgatred outcomes [’

Additional flexibilities are offered if one were to further consitlee effect of solvents c
the thermophysical transformats such as the crystallization amdrification processes that
polymers undergo In the presence of solventthe glass transition and crystallizal
temperatures are lowerdwm their solver-free values (& and Tg-) as showrby the curves
designated as cTand Ty in Figure 2. The lowering of the glass transition temperaturéh
incorporation of small molecules or liquids intgpalymer matrix iswell known and is the bas
of “plasticization”.When supercritical fluid solves are involvedthe extent of dissolution of tt
solvent fluidin the polymer can be altered by pres, and a polymeexposed to supercritic
fluid may undergo softenin(if glassy) or melting (if semi-crystallinayith increased presst
without changing the temperat.
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Figure 2. Influence of pressui(P2 > R) in the liquidtiquid phase boundary and the chang
the crystallization and glass transition temperatfrpolymers in the presence of a solv
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Figure 2 illustrates how the ligt-liquid (LL) phase boundaries arhifted with pressure
which expands the homogeneous doi, and how the J and Ty are altered withsolvent
incorporation. By altering the pressure and gonognfa pressure #o a higher pressure;, the
relative positions of the LL phase separation the crystallization curves are altered. /4
starting from a homogenous solution conditions saglA, if temperature were to be lowere
the system would first undergo a lig-liquid phase separatiorCrystallization would bt
possible only after coolingo much lower temperatures and then the outcor usually a
bimodal display of crystal size or morphologies reflecting tfconsequences of il
transformations that occim the polyme-lean and polymer—rich phasés.contrast, at ,, at the
same polymer concemation, when temperature is lowerethe polymer will underg
crystallizationwithout going through a liqu-liquid phase separation.

In Figure 2, diagramlll illustrates the consequences of increasing pressure
temperature Tin the presence of a supercritical fluid. The syst®llows the path in th
direction indicated bylashed arro. The outcome of increased pressure is an incrdasetiof



fluid dissolution in the polymer. A se-crystalline polymer may transform frorts glassy to
rubbery state by crossing th¢g and eventually may undergo its melting transitigncbossing
Tc, and enter th@omogenous solutioconditions.Entering the region betweer. and Ty by
simply increasing the pressure in the presence dérss fluid allows easier processing

polymers, such as theimpregnation, c their recrystallization or polymorphic transfornoats
without completely dissolving the polyn.

A clear demonstration of the consequences of pre-induced recrystallization in den
fluid systems is shown in Figure: for poly(_-caprolactone) (PCLy CC, system [2]. Here,
cylindrical discs of PClwere exposed to carbon dioxide at different tentures and pressures
for 30 min and then depressurizeThe samples were then characterized by Differe
Scanning Calorimetry (DSC) anceeze-fractured ces sections were examined by ield
Emission Scanning |Ectron Microscope (FESEM). As illustradein Figure 3, theDSC scans
show that compared to the initial sample, afterosxpe to C( at 293 and 21 and 45 Ml
pressuresmelting temperature is increased by abou°C. Theheat of melting da were found
to indicate thatabout a 40 % greatecrystallinity levels wereachieved. Similar results a
displayed for exposure 808 K, but with a doubl melting peak, suggestive of heterogeneit
crystal sizes (lamellar thickness). If exposureasied out at 323 K, the behavior is similai
tha of the original polymer, indicating that polymaéndergoes complete melting in the prese
of carbon dioxide at this temperature and presandethecrystallizationupon pressure reductic
proceeds as if it werfom melt at ambient pressurThese aresubstantiate by the FESEM
micrographsalso shown in Figure. At 293 K, the process is recrystallization thgbismotec
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Figure 3. Modifications of polyli-caprolactone) in carbon dioxide at different T/ditions
as assessed DSC and FESEI analyses.



by enhanced chain mobility with sorption of , in the polymer. At the higher temperature <
K, the recrystallization and lamellar thickeningfisther facilitated. At 323 K, polymer mel
and upon depressurization the mixture undergoiquid-liquid phase separation first leading
a polymerrich and polymer lean phase that than undergo alligsttion, leading to differer
population of crystals with different lamellar thieess, and thus a doublet melting peak. T
notions are illugated in Figure 4 in diagrams similarthe generalized features Figure 2 —IlI.
A broader perspective is provided in Figure 5 asthe consequences of shifting f
crystallization and glass transition temperat in dense fluids Altering the degree of
undercooling ad chain mobility an promoteschanges in the fold thickness, and the degre
crystallinity and melting temperatures. Crystaliiaza does not occur above Tm or below
The closer the crystallization temperature is tdtimgtempereure, the larger are the cryst

T1 W
14
X1 100% X2 100% P
Polymer Polymer

Figure 4. Crystal modification ¢ poly((]-caprolactone) in carbon dioxi: Left: Initial
polymer (IP) with fluid sorption at high pressialong Path |. Herghe solvent + polymer (Si
system at composition; xemains below the equilibrium crystallization cuive Because of th
increased chain mobility and the system gettingenido the meltig temperature (indicated
arrows a, b)recrystallization wit lamellar thickening is promoted. This is loc—in during
depressurizatiomlong Path II durin which temperature is further decreased, and thenpe
concentration increases witliid escaping from the matri:and thefinal polymer (FP) display
a higher melting temperature and greater levelrydtallinity than the original polyme Right:
Fluid sorptionis carried outat a higher temperature 1J and high pressure ,). The initial
polymer (IP) meltsalong Path and forms a homogeneous gpiease solution of solvent + m
(SP with composition 3. During depressurizatiorto for example to i, the initially
homogeneous systefimds itself inside thdwo-phase regioounded by the dashed curve F
and undergoes a liquidjuid phase separation forming a poly-lean and polymerich phase.
Crystal formation and modifications proceed uporher cooling (for example to,) along the
solid arrows and along thienal depressurizatiopath (Paths lla and llb) as the fluid esca
from the polymemrich and polyme-lean phases. The two-phadesad to different crystallin
domains with different lamellar thickness, and a®asequence, the final polymer (FP) displ
double melting points.
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Figure 5. Rate of crystallization i a function of temperaturgoes though a maximurln dense
fluids under pressure with incorporation of thevsal in the polymer, n and Ty are shifted to
Tme and . The temperature interval for modifications iifted to lower temperature

Another intriguingexample of pressure tuning of miscibi, andthe modulation of the
phase separation paths foodification of polymers is illustrateth Figures 6-8. Figure 6 shows
the phase diagrams displayed syndiotactic polystyrene (sP$)toluene at differentolymer
concentrations and for sPSaluene + CQ mixtures at different COlevels [3]. In toluene the
phase boundary is a gelation ndary that arises from coil-foelix transformation an
formation of a “polymessolven” compound, which is schematically illustrated in Ui 7.
When CQ is added to the system, the poly-solvent compound is destabilized and the sy:
transforms to foldedchain crystal domain,and the phase boundary that is observed
crystallization boundary, which alsllustrated in Figure 7.Figure 8 shows the morphologic
details of crossing the gelation boundary by caplt high temperature and then reducing
pressure (Path 1)evsus crossing the ligi-liquid boundary first to from a polym-lean and
polymertich phase and then reducing the temper (Path 2) In the second case, the p
allows the polymerich and polyme-lean phases to undergo their solidification/cryezation
processFESEM micrographs show therossing the gelation boundary leads to a highlypps
fibrillar network. The polymerich phase on the other hanéds to lamellar morphology whi
the polymerean phase leads ta mixed morphology that displayfgrillar and spherulitic
domains.Syndiotactic polystyrene is known to display polyptasm.Further characterizatior
by X-ray and FTIR show/thatwhen the gelation boundary is crosse crystals morpholog
that develops is delta-formhich isthe polymorph associated wighpolyme-solvent compound
in which the solvent moleculeare incorporated in such a way that they become gfathe
crystal structure. The crystal form that is geregtdtrom the polymerich phase after crossir
the liquid-liquid boundary is the be-form, which isthe polymorph with the planar :-zag
structure leading to thielded chain lamellamorphology.
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Figure 6. Phase boundaries in syndiotactic polystyrene swigtin toluene (Left) and Toluene
CO, mixtures (Right).
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Figure 7. In toluene,sPS forms a polym-solvent compound in which toluene molecules
held as guest within the cavities of the phenylesgioups. When C, is introduced this
polymersolvent compound is destabilized and eventuallyhthiecal structures transforms tc
folded chain crystal form.

Polymer modifications by tuning the vitrificatiom orystallization conditions by presst
in a given fluidor fluid mixture is central to essentially all ajgaktions that target formation
micro- or nanacstructured polymeric matrices ranging from parsde fibers, to foams. Foar
and porous polymeric materials have gained an eedented attention ine past decade due to
the rapid developments that are taking place suéisengineering and regenerative medi
Polymeric scaffolds that can promote cell attachimproliferation and growth are of extrer
significance and creation of such scaffolds usiongescritical fluids is naturally of growin
interest. Some of the target areas such as theuleasor nerveissue engineering requi



forming tubular porous conduits, whereas ligamassue engineeringrequires multilayer
constructs. A relatively new approach to generateys constructs of different complexity is
extrusion of polymer solutions generatn dense fluids at high pressures through annuks
into a nonsolvent medium [4]. Figure 9 illustrates this aggrth. The experimental systt
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Figure 8. Crystal morphology of sPS depends he path followed. Crossinghe gelation
boundary (Path 1l)eads tofibrillar morphology with the delta polymorph of the cryst
Crossing the liquidiquid phase separation first leads to lamellar photogy being generate
from the poymer rich phase fath 2-PRP) with the beta polymorph of the crystal. Pols lean
phase (Path 2- PLBads to a mied morphology with delta- and beataystalline forms

consists of a ming chamber (VVMC), annular die attachment (Ddam extrusion chamb:
(EC). Polymer is dissolved in a mixture of orgasatvent and carbodioxide by adjusting th
pressure with a movable piston (mp) that is actuatgh a pressure generator (P(. A gear
pump (CP) circulas the mixture to achieve homogent Extrusion chamber is filled wit
carbon dioxideThe pressure and the flow of bon dioxide areadjusted with a needle valat
the exit. Typicallythe pressure in the extrusion chamber is maintaiodze the same as in t
mixing chambeior slightly lowe. The solution is extruded by opening the valvevieen the
chambers and gegtimoving the piston. As the polymer extrudes thotlgh die into the nc-
solvent carbon dioxide environment, it undergoeasphseparation and solidifies as the org
solvent is removed and carried away with the flayoarbon dioxideThe temperature the
extrusion chamber is selected to promote vitrifaatThe figure shows a tubular segment 1
was generated by extruding a solution containingvSo of poly(methyl methacrylate), 10
% acetone and 65 % carbdioxide intc carbon dioxide at 27 MP Mixing chamber was at ¢
°C and the extrusion chamber was at°C. A tubular segment witBmm OD and 1mm wa
thickness, with 50-100 pisize pores were generate By designing different diameter annu
dies or dies that allow multiple polymer extrusilimes, multilayer tubular constructs can
generated. Instead of annular dies, one can uslizelies and generate flat geometries as \



The success with thepeocesse requires a broad data base foradional balance of miscibility
viscosity, mass transfer and heat transfer ratesy phaseformation and growth, and the
thermophysical transformation processes of vittfien (for glassy polymers like PMN) and
crystallization (for semerystalline polymers such gpoly([]-caprolactone). The data base that
is of particular interest is for solutions with agVely high polymer concentrationHowever,
reports and data on thaiscibility determinations at gh polymer concentrations are not
extensive and present challenges. Rate processgs;i@ly phase separation kinetics are
well documented and present a different level @fllenge
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Figure 9. Solution extrusion system and a 6 mm OD tubulastrait generated from extrusi
of poly (methyl methacrylate) solution in acetonearbon dioxide inta CC, chamber.

Despite the many advances that have been madedaraianding polymer solutions
dense fluidsover the past couple of decadand the many new application ar that are
emerging, there still remain unsolved problems thatd further focus and continui
experimental researciBelow is ashort listing of just a few of the brodikst challenges:

1. Miscibility- Thermodynamicand Phase Behavior
Phase compositions that are in equilibr - polymer concentrations, molecu
weights and molecular weight distributic in therespective phas¢ Heat effects
associated with miscibility arphase separation.



2. Phase SeparationKinetics and Rate Processes
Dynamics of phase separation and differentiatiomwdleation and growth ar
spinodal decompositions proces - the dynamics of early and later stages
phase settlement dynamics. Ccctivity to polymer molecular weightquench
depths, viscosity and temperat

3. TransportProperties— Viscosity, Thermal Conductivity, Diffusi\
Broader documention of all transport properties of polymer solutionshagh
pressure -both dilute and concentrated solutic— systems below and abo
critical entanglement concentratit.

To address some of these challengnumber of new experimental syst«development
activities are in progress in our laboratcOne of these is a continuous density profiA
variable-volume view-cellysten that utilizes a motorizepressure generator and a |-stroke
LVDT has been developed for continuous recording ofityeoffluids and solutions during
pressure scan to fully document conditions whegesplthanges are occurring if the pt
change is accompanied by a detectable change sityleigure 10 showthe schematic of the
experimental system and ttensity-pressure scans for carbon dioxateseveral temperatur
along withcomparisons with the NIST data b values. The neaontinuou: nature of the
density data facilitatesith clarity the P/T conditions where var-liquid phase transitions ocg,
and further facilities fittinghe datewith equations that areasily manipulated to gener.
functionaldescriptions of parameters sucfisothermal compressibilitysobaricexpansivity,
and thermapressure coefficient5, 6].
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Figure 10. A new experimental system to genercontinuousdensity profiles during pressu
scans of fluids and mixturéscluding polymer solutions; and density profiles €C..

A second system thais been designgpermits assessment of theas-state and the
dynamics of phase separation in polymer solu in the same experimental sel. It involves
customizedbservation windows across which visual and opisgessmen(with multiple
fiber optic probesgtan be conducted as the poly-lean and polymerdich phases evol
[Figure 11] A unique laser light scattering probe has beangded and incorporated to ass



the dynamics of phase separation and to elucifiiie phase separation is proceeding by
nucleation and growth or spinodal decompositiotheasame instrument, in the same solution
for which phase boundaries are determined. A noweing arrangement has been incorporated
that allows working with high polymer concentrascemnd/ or solutions with very high
viscosities.

A third system that is under development is addingssome of the challenges that
pertain to viscosity measurements in both the eiartd concentrated polymer domains.

Figure 11. A new experimental system for simultaneous assesswf phase boundaries and
phase separation kinetics in polymer solutions.
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