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Abstract

Phase separation of therrmesponsive polymers in solution is a complex process, whose
understandingis essential to screen and design materialgh diverse technological
applications. Hereve reporton a methodbased on dynamic light scattering (DLS) experiments
to investigate the phase separation of theresponsive polymer solutions apicecisely define

the transition temperature £¥. Our resuls are applied on hydrggpropyicellulose (HPC)
solutions as an important biosourced green wsarble polymer. As determined by DLS, the
amplitudes of the fast and slow modes of relaxation dynagwmseas temperature gettoser

to the phas&ansition point eventualliading to phase separatiorhe evolution of the modes
with temperature is markedly different for concentratioel®w the overlap concentrati :’.rfj
(dilute regime)above ’.rU(semidiIute regime)andabove the entanglement concentratic;.

In the threecases thougtthe fast and slow mode amplitudes undergo a sharp transition in a
narrow temperature range, defining accurately the phase separationTloeussults agree
with turbidimetric analysidor the phase transition determination but with a Iogitecision.

Our results alsshow that the onphase dynamics and phase separation dynamtbg itwo
phase region are only in continuity f&P 7 revealing mechanistic details about the HPC

phase separation procegshove Tps we identify atemperatte rangewhere the intensity

autocorrelation function has a singdgponentialshape In the latter regime, we monitor the



growth kinetics of polymer domains and provide clues to rationalizetéitdizing effectsof

the interface¢eading to therrestedike phase separation behavior observed for HPC.

Introduction

Phase separation of thermesponsive watesoluble polymers is an intense research field in
polymer science driven bpromising technologies in a diverse range of fields, among
biomediciné and environmerglly friendly materials>* Critical aspects todesigring and
screening such systems rebyn a better understanding of the phase transition and the
determination ofvell-characterized phase diagraamiphase transitiogolution temperatuse
since the latter temperatgrarethe main experimental data needed to further investigate the
fundamentals of phase separation mechanisms and kinBtfterent approaches based on
optical measurements (transmittance, scattering intensity at diféerglets and refractometry)
and differential scanning calorimetaye currentlyutilized to approach andbcate the phase
boundary (Teg) of thermoresponsive watesoluble polymersin a broad range of
concentrations. However, thgpical criteria to define such transition are rather arbitrary
without a clear physical significancat justifies a paicular choice, whichrepresergone of

the major sources of diversi(gs much a0 % of Tes) of phase diagrams for sevetaérme
responsie polymers widely used in applicationssuch aspoly(N-isopropylacrylamidg
(PNIPAmMY, hydroxypropytellulose (HPCG’, methylcellulos&?®, hydroxypropylmethyl
cellulosé®, among othersTaking into account that phase separation mechanisms of thermo
responsive pgimersstronglydepend on théemperatureguenchdeptH® the arbitrariness in
defining Trs represents a clear limitation to investigating phase separation mechanisms and
kinetics in a temperature range closd te

In this article we are ietrested in exploringnotherapproach to define the phase separation

transition of a thermaoesponsive watesoluble polymetin a broad range of concentrations



based on Dynamic Light Scattering (DLELS is a well suitedtechniqueto investigate
polymer dsnamics over a large concentration range and a large tahvgadow of relaxation
times!?In the dilute regimeat whichpolymer concentration is below the overlap concentration
Y, the intensity autocorrelation functiorG{: P) reports a single relaxation mode which
describes Brownian motion of singbeils for monodisperse systethsvhatever the solvent
quality is!® At concentrations abové’the system resides the semidilute regime, at which
polymer chains overlapnd mssibly entangle. Let al demonstrated that for poly(styrene) in

a thermodynamically good solvent (benzene ?0’.'0 L ur G:PRis still described by asgle
diffusive relaxation modé&, while a second nediffusive relaxation mode is evidenced (slow
mode) at highePRvhen he solvent quality gets poor&¥* The interpretation athe latter slow
mode has been controversial and the subject of extensive research in the last ttacades
decipheringits origin with respect to blobs relaxations below or above the entanglement
concentration: % ;. Pioneering works by Browet al'®® and more recentlyYuan et al*®
attributed the slow mode relaxation to permanent aggregates in thesiagke region, while
more recent experimenté’ described the slow relaxation dynamicsanfueousPNIPAM
solutionsas originating from transient clusters havingandiffusive natwe. In addition, a
second slow dynamat modewas identified for shappersisitentstiff polymers'®1° Several
studies in this arefocused orthe effect of polymer concentration, polymer architecture, and
temperatureon the slowmodé’?%?? in order toexplain the origin ofthis slow relaxation
dynamic Hereour goalis different:we address the question of whethés possible to extract
relevant quantitative information abdhbe phase transitioof a polymer solution in the semi
dilute regimeby following the fast and slow mode evolution as temperature gets closer to phase
separation. For this study we selectedHPC aqueoussolutions as ahermaresponsive
biosourcedholymer which was recently designed asanellent candidate for making porous

membranes excludg the use of organic solveritdt displays lower critical solution



temperature behavion waterat a40( (up to40 %)% avery conveniehfeature for many
applications, and wdw'st characterizedh 1988to phase separate Ispinodaldecomposition
at?L sr”.®

In thisarticlewe showthatthe approach dfiPC phase transitiosignificantly impacts the fast
and slow modebehaviors By following the lattermodesup to the phase boundarye
demonstratehat itis possible tadefinethe phase transition temperature with a remarkable
accuracy This methodologyrovides a more precise and physically meaningful approach to
determine the phase transition temperature thacatmnonly used turbidimetrimethod

We also show thathe evolutionof relaxation modegor HPC is strongly concentration
dependentand providesclues to describéhe phase separation mechanidoysvarying the
concentrationFor instancea remarkable continuitgf modes from the singlphase region to
the twephase regin observed for entangled solutions reveals tiamnondiffusive transient
clustersformed in the singlgphase region are precursors of thage separating objects.
Finally, we show that DLS can be used to resolve the grémigtics of HPC domaindor
concentrations as high as 5 % ah@érmal quenabs of an amplitude such ae single

exponential nature of: P is preserved.

Experimental

Sample preparation

A commerciaHPC (SigmaAldrich) was employed for this studyncethe very same polyme
proved to be a valuable choice for fwet applications for membran&3he weight average
molecular weight:/ | ;, evaluatedy size exclusion chromatograpfhimadzu LC20AD)
using aShodex OHpak SB03/SB804 columnand poly(ethylene glycolymolecularweight
standarddgs 72kg/moland PDI&8. HPC aqueous sadions in theconcentratiomange 0.5 to 30

% (wt.%) were prepared biully dispersing HP(owderin preheated MiliQ water at 6({



with stirring for 2 h The samples were then cooled and store#i(abvernight to complete
hydration of the polymer. The aqueous solutiavere transparent at room temperature
Sampleswith ? Q sr” were filtered using 0.49t Millipore filters directly into dusfree
PMMA light scattering cuvette§olutions with concerdtion higher than 20 % were prepared
from filtered 10 % solution ad concentrated under reduced presg220 mbar) at 60 due to
the impossibility to filter suchconcentrated sample3he overlap concentratior?® was
determined from the definition§® L u/ :veé0g4l; / :t7 80g4Z; and R75 where / ,

4, Og and 3?are the molar mass, the radius of gyratidrpolymer chains, the Avogadro
constant and the intrinsic viscosity, respectively. In this warkise the?value obtained from
7?5 since the other two definitions are less precise due to the uncertairdy asPDI is
high. The entanglement concenimat 7, representing the concentration above which the
polymer chains form an entangled network, was estinagé&d N s r?’ as reported bgolby?

for neutral polymers in good solvent conditiohke radiusof gyration of polymer chains was
determined asl, L s&v ¥, assuming goodolvent conditions far enough fromsTwhere 4;

is the hydrodynamic radius calculated from diffusion coefficientobtained by DLS
experiments of diluted samples employing the Stdkiestein equationd; L :G6 xef;; &
whereks, T and jare the Boltzmann constant, the absolute temperaturethansolvent
viscosity, respectivelySince the polymer is polydispers&means actually an averagever
the size distribution of chainftrinsic viscosity was measurdaly the rolling ball principle
using a microviscometer Lovis 2000M (Anton Paag &ixed angle of 85°. HPC solutions were

prepared by dilution in the concentration range of 224 and measured at 3Q

Dynamic light scattering
Back-scattering intensity autocorrelation functioGs;( P) was obtained using a Zetasizer Nano

ZS (Malvern Instruments Ltd., Worcestershire, U§gmperature control rangeQ®( , +



0.1( ) equipped with a 4 mW HBle laser of§,,L x u w «. The angle between the laser beam
and the detector (avalanche photodiode) veak sy uand the scattering vectorM : ML
:veé Jrd,; » <+amot;; was 0.02633 nrh The laser power was automatically attenuated to
collect an optimal scattered intensity. The measurep@mgtration depth into the sample was
set to 2 mm. A 30 s acquisition time was generally enough to obtain @& stdahsity
autocorrelation functiarincreasing theacquisition timeup to100 timeshe slower dynamical
mode relaxation timelid not provide any additional change in the signal of the intensity
autocorrelation functiorHPC solutions were heatedditferent T in the rangbetween 29.4
and 48( in which Tps is found. The heating rateu! mec<e; allowed a fast thermal
equilibration at each final temperatyeguilibration time was measured using a thermocouple
within solutior). Measurements in the twghase regionT “Tps) were performed either close
to Ters( F twQV™) or well aboveTps ( F twR sr™). The final temperaturevas
reached after 1 min heating in the tploase region at dlose to Fsandup to 4 min heating in
the twephase region at Well above to Fs Intensityautocorrelatioriunctions weremeasured
at different temperatureas a function of time at 5 min time intervals until no significant
differences were observed in consecutive measurenfbate/een10-30 min). Repeatd
measurements we performed at each temperature atittervalto ensure datare in steady
state. Before each measurement at a certain temperature, an equilgisggian29.4 for 30
min was performed.
Gs: P, can be related to the normalized electric field correlation funcGor, by the Siegert
relation a&?

G:PLUG:PS® (1)
where 0 <U< 1 is a constant related to the coherence of the detectios.dfor a polydisperse
systen?’ G:P is relatedto the distribution of the characteristic relaxation time distribution

D) :i;;as



G:R Li, ):umeMw (2)
In this study:) :i;;wascalculatedusingthe Laplace inversion of5: P, (normalized to 1 at
PL r) on the basis of egs 1 and® the MaximunEntropy Method!?? ) :i;usuallydisplays
two majorrelaxationmodes (fast and slowfrast mode correlation timei 4,; and slow mode
correlation time: 1, ; wereextracted from theneanpeak position of fast and slow relaxation
modes, respectivelirhe contribution of eacimode(amplitude)was obtained from the relative
peak area of each distribution mode. Additionatlysrelation times and amplitudes welso
obtained by a similar analysis than that reportedy anamotoet al?° by fitting to a sum of
singleexponential functions. The obtained results (data not shown) were in good agreement

with those obtained frorivlaximum Entropy Method.

Turbidimetric measurements

Phase separatidgamperatures/ere determined by optical transmittance method using a quartz
cell filled with HPC solutions inserted in a thermostat (Q.(drecision). For determinin@ps,

a 5 mm thickcell was used, shined by a laser bearl(x u & ¢ ¢). Two photodiodes were
placed before and after the sample to measure the transmission of the light through the sample.
Thermal steps of 0. followed by 30 min equilibration time were performed to monitor the
transmittance versus time. As the temperature approdelaéiie transmittance decreased with
time asymptotically, and therefore the transmittance at inftimte iq (T') at each therna
step was extrapolated by fitting 0L #51 $77¢°¢: E . From transmittance vs temperature
curves,Tpswas determined by two different criteripAs the abscissa of the intercept between
the horizontal asymptote at low temperatures and the tangiet t@ansmission decreases,

i) As the middle point on the slope\airiation betweeriq and i4( ssg).



Confocallaser sanning microscopy

HPC hase separatiomas monitored using an Olympus Fluoview FV1000 inverted confocal
microscopeHPC solution( @0 R.) was sandwiched between two glass slides separated and
sealed by a polydimethylsiloxane rir@DQ Fn thick). RhodamineéG Chloridewas used as the
hydrophilic fluorophoreMicrographs wereollectedwith a 40X objective A thermalstage
(Linkam PE94) was used to control the temperature. The solutions were equilibrateq at 30
for 30 minfollowed by heatingo the final quench temperatwata rate of § /min. The working
distance of the objective was focused in a plane inside the solution(dwayJe ;from the

cover glass, in order to avoid interface effects.

Results and dscussion

The overlagconcentratiol : ‘) was estimated to He2 %as definedn theexperimental section.
In the dilute regime the produd4, whereq is the scattering vector and, the radius of
gyration of the polymerwas estimated to be 0.592ML rdtxuuwe *°&, L tt o ;
satisfying M#.2s Under these experimental conditions the correlation function yields
information about the whole macromolemumotionand not about irnal motions of single
coils® At 2L rav” thesystem is in the dilute reginandTpswas determined to bed4 (
from turbidimetricneasurement3 he entanglement concentrati@afor aqueous HPC at 30
should beclose t010 % based on *value. Figure 1 showsthe intensityintensity time
correlation functionG: P, variationin the T range between 29.4 and 47.3or HPC aqueous
solutiors in the dilute regimé ? L ra "~ ; (Figurela) andsemidilute regime above?. (?L
tr ) (Figure 1b)xollected after 30 min equilibratioBy increasingdrl in a narrowtemperature
range (42.843.8 ( at 0.5 % and 36:87.6 ( at 20 %)the G;:P signal preseistan abrupt

change corresponding to the phase separation transifi@tay time distribution functions



:) :1;;were obtained fnm the Laplace inversion by the Maximum Entropyetibd. The
temperature evolution oj :1;at different concentrations is presehia Figure 2where the
relaxation time distribution is plottext a function ofi 62} at different polymer concentrations
and temperaturesvhere [, is thesolvent viscosity at each This renormalization of time was
adoptedo suppress trivial thermal dependence related to phase separation, enabling direct

comparison of peak position different 7141530
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Figure 1. Temperature dependence of intensity autocorrelation funct@ni; for

concentrationga) 0.5 %and(b) 20 % at a scattering angle of 273

At 2L rav" ) :i; reports a single relaxation mog i 62, a27 PalK) below 42.8( , which

turns intoa single relaxation mode wittigher i 62, ( a10® PalK) from 43.8( , as the polymer
phase separatéBigure 2a) It is worth noting that at? O Yin the singlephase region ( Q

vta 1) the distribution observed for the single relaxation mode is rather broad as a result of
the polydisperse nature thfe biosourced commercial HPBY increasing?o 1 %(roughly at

-9, turbidimetric analysisegimatesa Tps of 42.7( . Figure 2b shows that relaxation time

distribution at?L s~ displays a principal modgi 68}, a20 PalK) together witha slow



mode of small amplitudeat higher i 623, (800 P&K). Fast and slow modes as#most
constant in reduced by increasingr in the range (29-41.3)( . However, in thenarrow T
range 41.343.3( aroundTps the proportion ofthe fast and slow mode inverts showing a
marked shift in amplitudes downwards and upwards, respectdeditionally, the slow mode

increases ini 613, by anoticeableamount at the transition.
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Figure 2. Relaxation time distributior) :1;at different temperatures fooncentrationga)

0.5 %, (b) 1 %, (c) 5 % and (d) 20 %.



At ? Rw" the complexity of) :i;increase. Two major modes (fast and sloaneobserved

in combination with a small contribution of a thircbdeat i 623, between fast and slow modes.
However, due to theegligiblecontribution of tlis thirdmode we shall ignoe this intermediate
relaxationmodein the following analysisA first qualitative analysis of relaxation mode
evolution withT in the semidilute regime indicates that &L w™ (Tpsal0( by turbidimetry

the fast and slow modeontributiors areequivalent andcconstant with increasing until a
narrow temperature rangd9.340.1)( at which the fast modéecreaseto almost zero and
the slow mode amplitude increasasarply, as presented in Figure 2c. Moreover, reduced
relaxation time of fast modendergoes slight shift to highei 62l in the range 29-89.8 (
while that for the slev mode isroughly constant in the sarmie@ange. However, the slomode
undergoes marked shift to higher 62l in theT range (39.310.1) ( close to bs

At ?L tr © (Figure 2d) the behavior d¢ifiefast modds similar to thabbserved at? L w™
showing a marked shitb higher i 62l with increasing T.However, the slow modaow
displaysa remarkable continuityn 168, in the entireT range analyzed in this study
Interestindy, at all concentrations it is observidtht above the temperature range at which the
fast mode vanisheise. in the twephase region) :i;turnsout to be a single narrow mode
related to phase separation under themfamf polymer aggregatesSmall variations in
normalizedi at this T range are likely due to the aggregate size dependence on the thermal

quench, an effect consistent with previpimseseparatiorstudies orHPC® and PNIPA®!

Fast mode

When thepolymer concentration is belo ‘Ythe single relaxation mode is attributed to
Brownian motion oingle coils'? whereas for concentrations above the overlap concentration
:?P <Y this mode reflects cooperative diffusion ofagh segments between ealob .2

Figure 3a shows &hpolymer concentration dependence of fast mode relaxation tifr2 @14



(. An approximateplateau regions found at concentrationselow 0.5 %whereas iy
decreasemore markedlyith polymer concentration above 0.5 %. This observatiaygest
that the solution below 0.5 % istimedilute regime : ? O Lj whileat ? P s~ the system enters
the semidilute regime, in agreement wi ’.roestimation( dl.2 %). The decrease iy as the
polymer concentration increases above 1 % indicatesthikaiverage segmerorrelation

length decreases as concentration increases, following a stmeitaras that reported for

PNIPAM.33
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Figure 3. (a) Fast mode relaxation time vs. concentration in the single phase region @t 29.4
and normalized fast mode relaxation timig 62} ; vs. T forconcentrationgb) 0.5 %, (c) 5

% and (d) 20 %.



Figures 3bd display the temperature dependencehefreduced fast mode relaxation time
1146703, ; at three different concentrations (0%and 20%). As discussed before, when the
polymer phase separat@gincreasingl the slow mode becomes the major distribution and the
fast mode contribution decreasesalmost zero. However, in a temperature range above the
transitionbut close enough to, thedecay time distribution functions obtainggthe Maximum
Entropy Method stillevidencea small contribution of fast modbeat is reported in Figure At

?L rav’, i460R,undergoes a slight increaséh T up to a3 ( abovewhichit displays a
abruptshift to higher values as the fast matisappearsReduced relaxation time &L w"

shows a slight increaseth T below 39( , which becomes more notorioabove 39, likely

due tophase separatiq®9 into a polymer rich and a polymer lean pha$ewever, thdatter
increment ofi 4,62k, in the twephase regiomt ? L w™ is notably less marked than treit

?L r&" . On the contrary,ta?L tr * the reduced relaxation timey, 682, steadily
increases with T, but no sharp transition is observed within the analyzed temperature range.
The slight increment of 4623, 0bserved below PS in the entire concentration rasljeely

due to the graduakecrease in solvent quality as the temperature incséase 30( (relatively

good solventcondition) to the vicinity of thet@ondition (a0 ()** wherethe interactions
between segments and segmsolvent gradually change. Broveh al. showed a similar slight
increase of fast relaxation time for polystyrene sdihite solutions from good solvent
(toluene) to theta solvent {utanone) conditions, while the fast mode amplitude remained
constant® A similar trend was observed by lgt d.* by cooling polystyrene solution in
cyclohexane. The authors explained these results by considering that when the solvent quality
decreases, polymer chains contract, resulting in an increi ‘Sand therefore a slighshift in

fast mode rlaxation timeto higher valugsas shown in Figure 3terestingly, over the entire
concentration ranggtudied here the fast mode amplitude remains constant up to a temperature

at which it decreases sharply, which is likely due to phase sepdratigtion. Also, our results



show thatthe temperaturevariation of thereduced fast mode relaxati®ime has noclear

dependencwith the concentration ranges delimited '.I‘Qor %

Slow mode

Figure 4a shows the concentration dependencineofeduced slow mode relaxatidime

gk 6Py at 29.4( in the single phase region and the corresponding amplitude. As the
concentration increases 62/ is larger and the slow mode amplitude increases. These
observations indicate that the slow dynamic process is closely related to chain
clustering/entanglementffects!’ DLS experimentsn the forwardscattering configuratioat

LLtr” (ELsudML zgtwssr? <« ?8 acquisition time 1000 ;sprovidedvalues of

gk L t{a -andfast mode amplitude/slow mode amplitud®.59,while the corresponding
values for baclscattering( EL syu! M L xfutys3sr’®ee?9 were 1.2 s and 1.05,
respectively The plot s@ig vs. M deviates from a straight line passing through the origin,
evidencing the nodiffusive nature of the slow mode as previously observed for different
polymer solutions? The plotsof the slow mode amplitude vs T shown in Figurefiteveal

that atsome temperature the amplitude undergoes a sharp transition to higher values in the
entire concentration range between 1 and 30 %. Moreover, the temperature of this transition
decreases with polymer concentration and coincides tivitfast mode amplitudé&ansition.
Therefore, wecan now rationalizethe fast and slow amplitude shifts with increasing
temperature asoinciding with theHPC phase separation transition, where polymer chains

collapse into polymer aggregates.
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Figure 4. (a) Reducedslow mode relaxation timeig 62f; and slow mode amplitude vs.
concentration in the singlghase region at 29(4. Reduced slow mode relaxation time and
amplitude dependence onfdr concentrationgb) 1%, (c) 10 % (d) 15 % (e) 20 % and (f)30

%. Dotted lines correspond to sigmoidal fittings for amplitude vs T plots.

Note that at? Q sr ™ there is anarrowT rangeat which 1, 62y shiftsto larger correlation
times, as presented in Figure-dbThis temperature range coincides with the temperature at

whichthe slow mode amplitude incressharply and is the evideaof HPC demixing process.



This behavior is consistent withsultsby Yamamotoet al?° for semidilute aqueous PNIPAmM
solutions shwing a sharp transition in slow mode relaxation time afsE However,it is
worth highlighting that the slow mode behavior with increasing temperature observed for HPC
is in marked contrast to that reported by Yeaal.for agueous PNIPArm semtdilute regime,
where the slow mode reducddvas observed to become faster by increasing T belat’T
This suggests that the slow mode reducedriations with temperature could be dependent on
the nature of the therm@sponsive polymeRemarkably, this behavior is no longer observed
for HPC solutionsbove? L s w' asthereducedishowsa clear continuity before and after
phase separatioas presented in Figurd®,f. In this regardwe suggest that the different T
dependence of ;, 60R,at ?Qsr” and at? R sw” is related with the transition between
the overlap and entanglement regini€sis roughly 10 %)In the norentangled range?(J O

? Q ?), at whichpolymer chains overlap to some extent without entanglement form#imn
shift of 14,67k, to higher values by increasing a dalps reflects chain and clustering
association at the phase separation condiBgncontrast, in the entangled range « % ; the
fact that 14, 62y is constant below and abovesWwould imply that no additional or further
chain/cluster association occurs during phase separation in this concentrationTtaage.
presumably reflects that thnsientclusters present in the singdbase regiomareprecursors

of polymer aggregassformed in the twephase regionThis pidure of phase separation of HPC
agueoussolutions at ? « 7, raises the question othe nature othe molecularorganization
occurring at the phase separation transition. While the observatidgheFfegt modeamplitude
decreaseabruptlyat Tpsreflects the formation of HREIPC contacts/interactioihe almost
identicalrelaxation dynamics foundetweenthe slow mode belowps andthe single mode
above Bssuggest thapreformed aggregates in the tpbase region may retain considerable

amount of hydrogen bonded water molecules, as recently descriRadrbgt al>®



Phase dagram

From the analysis of fast and slaerrelationtimes and amplitues it was evidenced that PS
temperatures at differenbocentrations cannot be obtained by followthg evolution of the
reduced relaxation timesmly, inparticular at? « 7. Althoughthis appoach could be useful in
thedilute regime® the lack ofsharpness in temperature dependence when the concentration is
above 3% precludesa precisalefinition of thephase separation transitions

By contrastthe observed transitions the fast and slow mode amplitudes could be employed
to precisely map phasseparation diagram of HPi@ a broad concentration ranged this
approach compares favorablyTigsdetermination obtained by other methdels: comparison,
Figure @ shows thathe phase separation temperatudeserminedy the fast and slow mode
amplitude evolution withl are identical The advantage of this approach is tttas DLS
analysisconducs to sharp transitions that can be used to accurately dé#seas the
temperaturat which the fast and slow mode amplitude dypes{experimental erroiG r & ().

On the othehand, the typical method employed to map phase separation diagrams of HPC,
based on following the drop in transmittance as the polymer phase separates with increasing
temperature, provides a transmittance digrat decreases slowly with(Figure &). The latter
approachprevents a weltlefined Tps determination becausthe transition lacks sufficient
sharpness, reducing the accuracythef method® In fact, thisdrawbackis one of the main
factors contributing to diversity of phase separation diagrams diffeeent criterions can be
selectedto determineTps as outlined in a recent work éfalperinet al® In this regard,a
significant discrepanc{see Figure 3 itMarsanoet al’) was found by comparing previously
reportedphase diagrams of aqueod®Cbased on turbidity measuremeitsm HPC with
similar molecular weight and structure for which no discrepanogxjsected* Figure %
displays the phase separatdiagrams for aqueous HPC solutions in the concentration range

?L :r&aF ur,” obtained by DLS from sigmoidal fittings of fast and slow mode amplitude






Figure 5. (a) Transmittancefastand slowmode amplitudéemperature dependence f@rL
tr © @otted curves correspond to sigmoidal fitting)s) Phase diagram of aqueous HPC

obtained by DLSand turbidimetry ( 4 sq¢) inthe range? L :r&F ur; ™.

Insights into the two-phase region
A correct interpretation ofG;: P, in the twephase region may give accessnonitoring the
phase separation kinetics amgasuring characteristic size of polymer aggregatesh may
form and grow with timeHowever, .S theorycan onlybe applied to interpreG: P, signal
provided multiplescattering effects are abseAt HPC aqueous solution enters into thetwo
phase region, the system gets turbid (riegy and by further heating the samplell above
Tes: F twRsr™ ; it turns into acloudy phase separated systeDespite this apparent
multiple-scattering charactabove bs the correcinterpretation ofG: P, actuallydepends on
the T quencldepth To illustrate this effectG: P, was collected at differéemperatures usg
a heating rate of ut ©eceto allow for a fast quenching experiment (less than 1 onid
heating in the twgohase region for the lower and highegiiench, respectively). Figure6
shows thatG: P, signalis mostlya singleexponentiain the twephase region nearrd( F
TwQ V™). By contrast,for a higher T quenck F twR sr™), G:P deviates from the

single exponential behavior, as repréednn Figureaat the same concentratidris is likely



due tothe formation of denser polymer aggregates that actfsient scatterersoringing
multiple-scattering effest Indeed in the multiplescattering regime, in thbackscattering
geometry, G : P, can be fitted tdq. 3 according to diffusingvave spectroscopeory DWS)

assuming sphericaktatterers®

28

GRPRLA®® =L ray 3)

with UL %’AE—g where 2/3 is an empirical fitting parameté?i,s the transport mean free path
and A4 As the average penetration depth into the sample (2 mm in the experinigistshe
characteristic relaxation time and the exponerst 0.5 in DWS theoryThe G;: P, signalwas
measured as a function of time at(5@r concentration$, 10 and 20 % and fitteid Eq 3. At
30 min, thebestfitted values of =are 0.65, 0.51 and 0.49G(ra&y at 5, 10 and 20 %,

respectively. Figure 6b displays the logarithm of the normalized autocorrelation functidn at

0
5 %, 10 % and 20 %Ylotted as a function o@i/\élA using the best values of

Figure 6. Log(G:P) collected in the backscattering geometry (173 after 30 min

equilibration Data is plotted as function of tinfa) at 41.3( (diamonds) an&0( (pentagons)



o]
:?L sr” ;and as a function O%A (b) at 50( at concentrations 5 % (squares), 10 %

(circles) and 20 % (triangles).

The data areescribed satisfactorily bigg. 3 (=L r&at ?L sr™ andtr ", while aslight
deviation to a highea value is encountered fa? L w™ .

Theseresults give evidence of the existence of m@gimeswithin the 2phase region(1)
Single-scatteringregime in the T range close tord : F twWQV™ ; where the single
exponential nature o : P, is preservedor at least 6 h;Q) Multiple-scatteringregime in the

T rangewell aboveTes( F twR sr™), presumably by the formation of denser polymer
aggregatesConfocal microscopy images takenat. w™ in both regimes reveal thaedper
T( F twRsr™) guenchedead todenserstructures, apresented irFigure 7, supporting

the picture of multiplescatteringegime produced by densparticles.

Figure 7. Confocal scanning microscopy imades ? L w" taken at (a) 3Q (clear solution)
(b) 43( and (c) 50 after 30 min equilibration. The red features are attributed to wiater

domains, whereabedarker regions correspond to polyatah phases. Scale bar is 2.

We now address the question of whether the characteristic size of polymer aggreghtes can
estimated in the singlescattering (DLS) and multiplescattering (DWS)regimes. For
comparison, theverage distance (the domain leng® |4 mawas determined by Fourier

transform analysis of confocal microscopy images collezstiche elapsesatidentical quench



temperatureslhe diffusion coefficient) was obtained from theocrelation time of the single
mode(i L se&M) aboveTes (singlescattering regimeat different concentrations between
0.5 and 1®46. From &values, we estimatthe characteristiddiameter( @ p)0f aggregates
using the ®kesEinstein relation, assuming spherical shapes of polymer donzaids
negligible interactions between theithe estimated aggregate sizes in the sisghdtering
regime after 30 min equilibratiorare in good agreement witl@ 4 m for; dilute enough
solutions(?Q w" ), as presented ifable 1. However,the large differences observed for
concentrated solutions? L sr™ ; manifest that the diffusion coefficient of tlaggregates
cannot be interpreted as originating from +ioteracting objectsand that the diffusion

coefficient deviates from the dilute limit (StokEsstein value)

Table 1.Characteristic HPC domain sizethe twephase region obtained in thencerration

range (0.510 %).

Single-scattering regime Multiple -scattering regime
%6 ; (T-Tps=4() (T-Tes=10()
@pWMM) | @ miamGAM) @ [w( M) @ miambMM)
0.5 1.5+0.5 3+1 *) 2+1
1 2+1 4+1 *) 3+1
5 12+2 10+2 74 +8( ¥1.33) 4+1
3+ 1(X0.3)
10 64+5 9+2 740 £80( ¥1.33) 3t1
3+1(F0.1)

*Experimental data ofG: P, does not fit to . 3

Regarding the multipkscattering regime, fits of;: P to Eg. 3 assuming dlvalue of 1.33
(nonrinteracting particles) conducts to significant overestimations of the characteristic domain
size with respect to confocal microscopy analysis, wlietiencehat the interactions between
polymer aggregates cannot be neglected in theesdration rangeonsidered herdt is worth

noting thatSanyalet al®® showed thatUdecreases with theepulsiveinteractiors between



particles and foundvalues as low as 0.1 for strongly interacting syst@gditting Gs: P, to
Eq. 3, asuming that@w L @ niqm@S;obtained in the multipiecattering regimegne gets
a Uvalue of the order of 0.3 @ L w™ and 0.1 at? L sr " . Although his is consistent with
expectationsa precise determination difor HPC at different compositienis clearly out of
the scope of this report.

Figure8ashows he evolution of @ p With timeat ? L w™ (singlescatteringegime,43 ().

In the earlier stage of the experimeQ sr+<s; @ pgatisfiesa scaling law@ p 3P 1’V
suggesting thatiPC domain growth may follow a classiaabarsenindpehavior?®>*°Notethat
for PP sre<e @ pfeachesa plateaundicating that furthecoarsening of polymer domains
is impeded.Such arrested phase separation behav@rconsistent with the absence of
macroscopic phase separation in the entire concentration range considersedstudy(even
after5 daysat 43( ). DLS results compare favorabilyell with the growth kineticgaptured by

confocalmicroscopy(Figure §.

Figure 8. Evolution of characteristic dimensio@ p @nd @ 14 m@S  function of time during

phase separation of HPC soluti@is? L w" in (a) pure water an¢b) NaCl0.01 M



The arrestedike phase separation behavior observed for other L@silnonic watessoluble
polymers has been regarded awriginating from gelation (nethylcellulose®*°
hydroxypropylmethylcellulos® or from the effect ofelectrostatic charges at the interface of
polymer aggregatesducing colloidal stability (PNIPAN?Y). However our results show that
HPC phase separatios fundamentallydifferent fromthosesystemssincephase separation
does not inducgelation andthe arrestedike behavior after the growing stagersists by
increasing the ionistrength(Figure 8b), whichrules out a pure electrostatic effect as for the
case of PNIPAmIn addition, confocal microscopy analysis revealed thatarrested phase
separation behavior is also observed for highgu&nches50 (, datanot shown)where the
multiple-scatteing regime is relevan® potential explanatiotno the observetiPC arrested
like phase separatiamechanisntould be thedrmation of polymer aggregates concentrated
enough (glassy) to preveenlloidal coalescencéHowever, \alidation ofthis hypothesisvould

requiredirect measuring of the aggregate composition, and is left for a future work.

Conclusions

The thermeresponsive phase separation of commercial hydroxypropylcelluloas
investigated in a broad concentration range covering the dilute aneddetmiregime by
dynamic light scattering. Our results show that the fast and slow mode amplitudes undergo a
sharp transition by increasing the temperature near the phase isepadeabperature
Accordingly, we propose thaty following those transitions, it is possible to define the phase
separation boundary with a remarkable accur&ojutions with concentrations in the range

(?fJ O?Q% Ns r?f) undergo phaseeparation with a marked shift af;, 62y to higher
values, reflecting clustering association at the phase separation condition. On the contrary,

solutions inthe range ? P 75 phaseseparate with a remarkable continuity of normalized



relaxation times étween the slow mode (belolips) and the sigle mode characteristic of the
two-phase region. This behavior suggestattransient clusteréormed in the single phase
entangledregion may act as precursoof polymer aggregates in the twpbase region, at
temperatures close s

The resulting phase separation diagram was compared to studies conducted by turbidimetric
analysis using different criteria to define the phase boundaiwing that DLS transition
temperatures reflect the onset of phase sépara

Within the two-phase regioriwo temperature dependent regimesre identified A single
scatteringregimein the temperature range close®es( F twQVv™), characterized by
slightly turbid sampledn this regime, monitoring growth kinetics of HPC solution® & w"

it is possible by means of tracking the relaxation timeCpfP. Characteristic domain size
growth at? L w" follows the power law@ p WP, 1'¥Fn the earlier stage of phase separati
:PQ sre<e; suggesting @iffusive or coalescence/aggregationarsening behavioAfter
theinitial growing stagethecharacteristiclomain size levels off, suggesting an arresites
phase separation mechanjswhich inhibitsmacroscopic phase separation regardless of the
ionic strength and quench temperatudemultiple-scattering regime was found at higher
temperature quenches & twR sr™) at which the samples adopt a turbid and milky
appearancdn this regimethe system @annot beregardedasoriginating fromnoninteracting
particles and therefore domain sizing and kinetic studies require a correct determindtion of
valuesfor aDWS model to be applied ithe backscattering geometry

We suggest that the method desatibere to map the phase separation diagram and kinetically
resolve domain growth in the twoephase regioris general and applie® other polymers
displaying lower (or upper) critical solution temperature, provided the single scattering regime

is correctlydetermined.
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