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Full Paper: newfamily of thermoassociativgraft copo-
lymershasbeenrecentlysynthesisedisinga two-steppro-
cedure.Schematically their structurecombinesa weak
polyelectrolyte backbone (poly(sodium acrylate), PAA)
andthermosensitiveside chainscontainingmainly N-iso-
propylacrylamide(NIPA). Taking advantageof this well
controlled synthesiswe have selectively varied the pri-
mary structureof the copolymersconcerningthe grafting
extent, the length of the backbone,and the hydrophilic-
lipophilic balanceof the side chains by incorporating
either hydrophilic or hydrophobiccomonomersThe ther
moassociativeropertiesof the resultingcopolymersvere
studiedin semi-dilutesolutionsby rheology It wasclearly
evidencedhat the associatiortemperatureof the copoly-
mersis selectively controlled in pure water (in the 0—
100°C range) by the chemical compositionof the side
chains.Moreover the magnitudeof the thermothickening
effect is directly relatedto the modification extentwhile
the absolutevalue of the viscosity is modulatedby the
length of the PAA backboneVery sharptransitionswere
also evidencedby developingspecific attractive interac-
tions betweenthe PNIFA grafts and the PAA backbone
dependenbn the pH of the solutions.In all the caseswve
demonstratehat the associativebehaviouris well corre-
latedto thethermodynamigropertiesof the precursorsA

goodknowledgeof their phasediagramsin aqueoussolu-
tion is thereforea very strong guideline for designing
copolymerswith responsiveproperties.
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Variationof the viscositywith tempeaaturefor 3% solutionsof
PAA7/PNIPA10-31% (), PAA7/PNIPA-AMPS-16% (0),
PAA7/PNIPA-AAM-17% (m) and PAA7/PNIPA-BMA (a);
shearate= 100s™*
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Intr oduction

When dealng with thernothickering systens, we con-
sider aqueousformulaions whos viscesity increases
reversilly upon heating.Badcally thereis no limitation
at all for the temperaure rangeasthe requirenentscould
be very differentfrom oneappicationto anoter, starting
softly around the body temperatue for biological pur
posed andgoing ashigh as200°C (or more) in the case
of drilling fluids? or well cemering processs. These
unusual propertes, triggered by the temperatue were
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initially observedwith semi-dlute soluions of cellulose
derivative$™. In that case, the associatins are induced
by a lower critical solution tempeature (LCST) type
phaseseparation This demixing processremans con-
fined at a locad scaledue to either the heterogneous
structureof the materialcombining hydrophilic andther
mosengive units (e.g methylcellulose)or to the stabili-
sationprovidedby addedionic surfactans in the caseof
more hydrophdic derivatives (e.g. ethyl hydraxyethyl
cellulose) Startingfrom this idealsed picture of reversi-
ble hydragphobic microdomairs embkeddedinto a hydro-
philic matrix we developeda conceptof thermoasocia-
tion with syntheticmacromoécularsystens in the recent
years.The primary structure of our copolymersconbines
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a watersduble backbone(poly(sadium acrylate), PAA)
andLCST side-chais which wereinitially poly(ethylene
oxide), PEG*%9. These coplymers exenplify very
nicely the initial conceptof thermoasociaton andallow
to clarify thegeneal medtanism.

Themostimportantpointsarethefollowing:

1) The LCST grdts thermodynamicaly control the
associatn process When using long side chans their
segregatia in aqueussolution proceedssimilarly (tem-
peratureof phaseseparationconentrationof the phases)
whetherthey are grafted or not. This canbe usedto pre-
dict the associabn temperatureon the basisof the LCST
phasadiagram.

2) The primary structureof the copolymes hasnever
thelessan importart weight upon the charateristics of
the associabn clusters (size and aggregédon number)
andconsegently on the functionality of the physical net-
work.

More recerily we movedto otherthermognsitive side
chains based on poly(N-isopropylacylamide), PNIPA,
derivatived®. Whenreplachg PEO by PNIPA, the main
ideawasto usethe wide chemisty of poly(N-substiuted
acrylamde) deiivatives aswell astheir peculiarthermo-
dynamicpropertiesn water. In recentpaperd®* we con-
firmed the basicprinciplesestabishedwith PAA-g-PEO
copolymeswith PNIFA grafts andextendedherheologi-
cal studiesto a wide rangeof addal co-solueslike salts,
neutral molecudes and surfactams. When we startedthe
presentvork the original ideawasto correlatethe maao-
scopicpropertieswith the primary structure of the copo-
lymers. One way is to considerthe associion through
the thermodyamic propertiesof the grafts. It is well
known for instancethat the cloud point of aqueoussolu-
tions of PNIFA canbe largely modified by introdudng a
few percent of comonomerghydrophilic or hydrophdic)
into the chairs'?. It is alsopossilte to changeother struc-
tural parametersrelated to the wata-soluble backbone
since, like for block copolymes, the hydrophilic chain
itself contributesto the formation of the aggregats=4.
The molecula weight of the backbor is one parameter
but the chage density of the main chain hasalsoto be
considerd as it cortrols the magniude of electrostdat
repulsians. Moreower, varying the pH, one can tune the
interactons betweenPAA and PNIPA from repulsive at
intermediateor high pH to attractve atlow pH.

In the first part of this paperwe will descibe the syn-
thesisof thermoasociative graft copolymersby varying
some structural chamcterigics, like length of the back
bone,chenical natue of the side chairs, grafting extent,
andothers.Thenwe will showhow the thermothckening
propertiesof the semi-dlute soluions could be influ-
encedby changimg this primary structure.The obseved
effects will be related to the precursor properties by
means of phase diagrams rheolgyical behaviou and
others.

Experimental part

Materials

N-IsopropylacrylamidgNIPA), acrylic acid (AA) and butyl

methacryate (BMA) werepurchasedrom ALDRICH, acryl-

amide(AAm) andacrylamido-2-methylpropanesulfonécid

(AMPS) from FLUKA. All monomers were used as
received.Potassiunpersulfateand dimethyl sulfoxide (KPS

and DMSO respectively from PROLABO), 2-aminoeth-
anethiolhydrochloride(AET, HCI, from FLUKA), disulfine

blue (from PANREAC), dicyclohexylcarbodmide (DCCI,

from ACROS) and N-methylpyrrolidone(NMP, from SDS)
wereall analyticalgradereagentsWaterwas purified with a

MILLIPORE systemcombininginverseosmosismembrane
(Milli RO)andion exchangeaesins(Milli Q).

Polymersynthesis

The polymerizationof thermosensitiveoligomerswas car
ried out in a threeneckedflask equippedwith a reflux con-
denseramagneticstirrerandanitrogenfeed. Themonomers
weredissolvedn waterandtheresultingsolutionwasdeaer
atedduring 1 h with nitrogenbubbling. The temperaturavas
adjustedto 29 (x1°C) using a water bath. The initiators
(KPSandAET, HCI) weredissolvedseparatelyn waterand
addedrapidly to the precedingmedium. The reactionwas
allowed to proceedfor 18 h. Thenthe polymerwas recov-
ered by dialysing the reaction medium againstpure water
(membranecut-off = 6000 daltons)andfreezedrying. When
BMA wasusedascomonomethereactionwascarriedoutin
DMSO and the oligomer was recoveredby precipitationin
hot water(40-50°C).

The poly(acrylic acid) precursorreferred as PAAL, was
synthesisedby radical polymerization as reported pre-
viously*®. Its weight averagemolecularweight, determined
by sizeexclusionchromatographySEC)is: M,, = 136000g/
mol. Another poly(acrylic acid) precursor denotedPAA7,
waspurchasedrom SCIENTIFIC POLYMER PRODUCTS.
Its weight averagemolecularweight was determinedto be:

M,, = 690000g/mol.

Grafting reaction

The experimentaprocedurenasalreadybeendescribecklse-
wheré®, Briefly, the grafting reactionwas carried out in
NMP at 60°C wherethe requiredamountsof PAA, PNIFA
andDCCI (couplingagentwereintroduedsuccessivelyThe
reactionwasallowedto proceedduring 20 h. Afterwardsthe
flask wasimmersedn a cold waterbathandthedicyclohexy-
lurea (by-product)gavean insolublematerialwhich wasfil-
teredoff. The copolymerwasthenprogressivelyprecipitated
by dropwiseadditionof aconcentratedNaOHsolution.It was
then recoveredby filtration and washedseveraltimes with
methanol The solid productwasfurther purified by ultrafil-
trationagainspurewaterandrecoveredy freezedrying.

Analytical methods

H NMR The characterizatiorof precursorsand graft copo-
lymers was performedin D,O using a BRUKER WP250
spectromete(250 MHz).
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Tab.1. Syntresisconditionsof functionaloligomersandco-oligomers

Telomer M] @ [AET, HCl]o [KPS) M, NIPA/X© NIPA/X 9
mol/L mol/L mol/L mol-% mol-%
PNIRAS 0.85 0.042 0.017 5200 100/0 100/0
PNIPAL0 1.28 0.026 0.013 9800 100/0 100/0
PNIPA-AAM 1.28 0.026 0.013 =10000 85/15 85/15
PNIPA-AMPS 1.28 0.026 0.013 =~10000 95/5 96/4
PNIPFA-BMA® 1.28 0.026 0.013 90/10 93/7

3 Total monomerconcentation.

) Determinecby SECfor PNIPA telomes andestimatedor the cotelorrers.

9 Initial feedcompodion.
9 Molar compodtion calculatel usingthe*H NMR spectum.
® DMSOwasusedassolvent.

Potentiometrictitration: The potentiometrictitration of
amino-terminatedligomerswas carried out with an auto-
matictitrator TT-processeul (TACUSSEL).Beforetitration
with HCI 0.01 mol/L, an excessof NaOH was addedto the
oligomersolutionto ensurethatall the aminefunctionswere
underbasicform.

Size exclusionchromatography(SEC) SEC was usedto
follow the conversiorof the reactionsandto characteris the
polymers. The analyseswere carried out using a Waters
6000A chromatographicsystem equippedwith four OH-
pack columns, equilibrated at 20°C in agueousmedium
(LiINO3 0.5 mol/L). To follow the extent of grafting reac-
tions, 0.5mL were sampledfrom the reactionmediumand
dilutedinto 5 mL of LINO3; 0.5mol/L. A few dropsof a con-
centratedsolution of NaOH were thenaddedto the mixture
in orderto ionisethe poly(acrylic) backboneandto enhance
the solubility of the copolymerin theaqueousnedium.

Rheological measuements Viscosity measurementof
semi-dilute copolymer solutions were performed on a
CARRI-MED controlledstressheomete(CSRH100) using
a cone-plategeometry The temperaturewvas adjustedby a
high power Peltier systemwhich provided fast and precise
control of the temperatureduring heatingor cooling stages.
The measuringunit wasalsoequippedwith a solventtrapin
order to prevent water evaporationduring the scanning
experimentperformedup to ratherhigh temperaturegup to
70°C). In the view of previousstudiesthe heatingrate cho-
senwasalways2°C/min.

Cloud point experimets: The cloud point of oligomer
aqueoussolutionswas determinedvisually by following the
turbidity with temperatureThe aqueoussolution (volume =
1mL), initially equilibratedat roomtemperaturén asample
tube equippedwith a magneticstirrer, was immersedin a
thermostatedtell with a circulating water bath. The heating
rate was regulatedaround 0.5°C/min and the cloud point
wasdefinedasthe temperatureat which the solution started
to turn cloudy The reproducibility of the determinatiorwas
+0.1°C.

Resultsand discussion
Synthesisindcharacterization

Functiond oligomersandco-oligomers

In a previous paperwe have repoted the synthegs of
graft copolymers combining a poly(sadium acryate)
(PAA) backbor and PNIPA side chairs'®. They were
preparedaccordirg to a two-stg procedue with 1) the
synthegs of amino-teminated oligomersby telomerisa-
tion and2) the grafting of the functionaloligomersonto a
poly(acrylic acid) precursor We will now focus on the
telomerisatbn and the grating reaction of new PNIPA
derivativesthat mainly contain NIPA units (at least 85
mol-%) and anothermonomey either hydraphilic (acryt
amide, AAm or sodium acrylamdo-2-methyl propae
sulfonae, AMPS) or hydrophdic (butyi methacylate,
BMA). As long as hydrophilic comonaners are con-
cerned,the sameconditions as for NIPA alone hold for
the telomerisatbn (Tab.1). In eachcasethe polymeriza
tion wasfollowed by SECandit couldbechecledif both
monomes wereincorporatedinto the chains.With BMA
we took dimethylsulfoxide (DMSO) insteal of waterasa
solvent since it could dissolve both monomes (NIPA,
BMA) andinitiators (potassim persulate, KPS andami-
noethandtiol hydrochloride, AET, HCI). The polymeas
wererecoveredby dialysingthe reactionmedum aganst
purewater excep for the PNIPA-BMA which waspreci-
pitatedin hot wate (40-50°C) andfor the PNIPAS (low
molecula weighf) which was finally precipitated in
diethyl oxide. We qualitatively checkedif the coteloner
PNIPA-BMA had amino-endgroups using the dye-partt
tion testwith disufine blue asreportedby Palt and co-
workers®, This testwas not apgicable to the other two
cotelomes sincethey wereinsolubk in chloraform. The
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amino-endgroups werethenquantitdively deternined by

a potentionetric titration while the compositionwas esti-
matedby 'H NMR. It is ratherdifficult to give absolute
molecublr weightsfor the cotebmersasthe SECccalibra-

tion wasspecfic to PNIPA. Nevethelessthe SECtraces
of PNIPAL0, PNIPA-AAm and PNIPA-AMPS were simi-

lar. As aresult,we will assune that the three oligomers
have the sameaveraje molecular weight: M, = 10000
g/mol (with a polydispesity index around2). This was
expeced sincethe relaive amouns of thiol wereidenti-

cal for thethreesynthegs.The averagenumberof amino
endgroupperoligometc chain(f ) wascalculatedby the
following formula: f = A - M,, whereA is the total amine
contentper g of oligomer determinedby potentionetric

titration. For our oligomess f wasalwayscloseto 1. The
slight excessof amine functions can be attribued to

tracesof AET, HCI in the final product(not completdy

purified). The PNIPA-BMA was not charcterized by
SEC,becaseof its low solubility in waterat 20°C. The
resultsof the different chamacterizatons are sunmarised
in Tab.1. The compositon of the copolymer is always
closeto that of the initial medum which is quite normal

asthe monomerconvesionis quantitative in the time of

the reaction(=100%). As for the distribution of the dif-

ferentunits inside the copolymerchans, we canonly find

informaion for the NIPA-AAm copolymerizaton. In that
case,Chiklis and co-worker3” havereportedthe follow-

ing reactivity ratios: rypa = 0.5 and raam = 1.0. These
valuesindicate that the heterognity of the cotelorrers,
due to the composition drift with conversion,is rather
low.

Phasaliagramsn aqueousolutions

In the following the polymer concentation will be
denotedCp andwill be expressdin weight percent. The
cloud point (Tp) of aqueous solutions of functional
(co)oligomerswith their concentrationis givenin Fig. 1.
The introduction of a very low contentof hydrophlic
unitsin the chains gives rise to animportantincreaseof
Tp, especidly when these units are ionic'®!® (see for
examplethe curve of PNIFA-AMPS). We try to makea
guantitdive comparson for our NIPA-AM PS telomers
usingthe resultsof Wangand co-workerg® who synthe-
sised NIPA-AMPS hydrogels.For 5 mal-% of AMPS
unitsthey reporta collapsetemperatureof 43°C which is
closeto our Tp value found when Cp = 1-2%. As for
NIPA-AAm copolymers containing 15 mol-% of AAm
units,we usethefollowing references:

Taylor andco-workers? reportTp = 43°C for Cp = 5%,
Priestandco-workers? reportTp = 46°C for Cp = 0.03%.

Thesevaluesarecloseto thoseof Fig. 1, if we remem
ber that the oligomess studiedin this work have a much
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Fig.1. Cloud point of oligomer solutionsas a function of the
concentration: PNIPA10 (o), PNIPA-AMPS (e) and PNIFA-
AAmM (o)

lower molecudar weight than those used by the quoted
autlors.

Compaedwith PNIPA10 we canseethatthe sensitvity
of Tp towardsthe polymer concentation is much more
pronouncedor cooligamers.As a mater of fact, we can
eadly assumehatwhenthe phaseseparatiortakes place
the corcentration of polymer in the supernatat will
increasewith its hydrophilicity (by the incorporation of
hydrophilic units). Theeffect of chagedunitsis especially
strengthenedat low concentations(Cp < 0.5%)or higher
Debye length, since we can seethat the increaseof the
cloud point is moreimportart for PNIPA-AMPS thanfor
PNIPA-AAm. This is causedoy the counterions transla-
tional entropywhich is much more effective to solubilise
PNIPA chainsin watercomparedto thefavourabie enthal-
pic contibution of acrylamide units®2Y,

Theseresultsshowthat the incorpoiation of hydropht
lic monomes in the PNIFA chans allows to modify the
LCST of the systemin water andthe shapeof the phase
diagam, especidly in thelow concentationarea.

Finally, concerning the PNIFA-BMA copolymer we
just found a very small solubility areain the phasedia-
gram which is located at relatively low temperatues (ca
4-5°C) for Cp = 0.5%.

Graft copolymers

Thefunctiond oligomersandco-coligomersweregrafted
onto a poly(acrylic acid) precursorin N-methylpyrroli-
dore (NMP) accordirg to a procedure reported pre-
viously!®. Two different acidic precursorswere used,
they are denotedPAA1 (M,, = 136000g/md) and PAA7
(M,, = 690000g/md). The charateristicsof the different
graft copolymers are given in Tab.2. The polymers’
nomerclatureis:
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Tab.2. Syntresisandcharacterisationf graft copolymes

Copolymer [PAA] [telomer] [DCCI] Compositie®  Modification  Graftingyield
_ extent) _
g/mL g/mL [—NH;] wt.-% _ %
%
PAA1/PNIPA5-14.5% 0.015 0.008 34 14.5 0.3 50
PAA1/PNIPA10-29% 0.012 0.012 4.7 29 0.4 67
PAA1/PNIPA10-17% 0.038 0.012 6.2 17 0.2 89
PAA7/PNIPA10-31% 0.010 0.010 5.6 31 0.4 71
PAA7/PNIPA-AAM-17% 0.015 0.015 45 17 0.2 39
PAA7/PNIPA-AMPS-16% 0.015 0.015 3.0 16 0.2 37
PAA7/PNIPA-BMA 0.01 0.01

3 Weightpercentof telomercalculatedusingH NMR results.

®  Averagenumker of sidechainsper 100 monomerunits of the backbongcalculatedrom *H NMR andM, valuesof Tab.1).

PAA backbom/oligomeic side chainfcomposiion
(weight percentof oligomer)%.

The modificaion extert of a graft copolymerwill be
defined as the averagenumber of side chainsper 100
monomerunits in the backbone E.g., a value of 0.3%
indicatesthatfor 2000 monomerunits of the backbone3
are grafted by a functional oligomer (on avemge), the
other997 aresodiumacrylateunits. Sinceall thereaction
mediaare homogeneousduring the grafting reacton, the
normalexpectationis thatthe sidechairs wil | bedistribu-
tedrandomy along the backbone The grafting yield var-
ies between50 and 90% for most of the synthegsandit
appearscleaty that high molar ratios [DCCI]/[amine]
(>6) arenecessarto obtainquanttative grafting. Never
thelessthis two-stepsynthess (telomerisation+ grafting)
canberegarde asasuitableway to preparegraftedcopo-
lymers with a well cortrolled primary structure. Using
this line of copolymers where we havespecificaly mod-
ified the size of the backbone the lengh of the side
chairs, their chemcal natureandthe modification extent
we will now focus on the real weight of theseparaneters
onthethickeningbehaviow in semi-dilute soluion.

Rheologicalproperties

Influenceof the modificationextent

In Fig. 2 we comparethe thermothckeningbehaviou of
two copolymes differing only by their graft content
(0.2% and 0.4%) As one can easily expect, the magni-
tude of the thernmothickering procesdollows that of the
modification. This is obviouwsly relatedto the numberof
elasticdly active chairs which participatein the forma-
tion of the physical netwak. Neverttelessif one coud
expect that a minimum number of PNIFA grafts is
requiredto observethe formation of a physical netwok,
increasiy value will exterd the phasesepaation process
to higher scalelengh and finally a maaoscopic phase
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Fig.2. Variationof theviscosity(divided by its valueat 15°C)
of 3% solutionsof PAAL/PNIPA10—-29% (filled symbols)and
PAA1/PNIPA 10-17% (opensymbolg in: H,O (o, @) andK,CO;
0.5M (g, m); shearate= 100s™*

separationwill be reacled. In practice we are limited

with PNIPA to amaxmum grafting ratio rangirg between
1 and2 mole-%which correspndsto PNIPA weightfrac-

tions of 51% and 68 wt.-%. The optimizationof the ther

moassoiative propertes hasto be dore betweenthese
two limits keepng in mind thatthe optimumvalue shoud

be closdy linked to the experimemal corditions. As we

canseeon Fig. 2, the saeeningof electrosatic repulsbns
by addal saltis very effective for the low modified sam-
ple bothin viscosty level and dynamics of netwak for-

mation.

The only parameterthat remairs constantbetweenthe
two copolymes is the associabn temperature, T,ss at
which the initial decrese of the viscosity startsto slow
down. This canberelatedto the phasediagramof PNIFA
andto thelow variationof Tp with conantration.

With PAA-g-PNIPA copolymes the grafting extentis
thereforeaninterestingtod to selectivelyadjustthe slope
of the thermotlickening process keepingthe association
temperatue constant.In this way one can preparesoft or
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Fig.3. Variationof the viscosily with tempeaturefor aqueas
solutions of PAA7/PNIPA10—-31% at various concentations:
0.8%((e), 1.5%(0), 3% (m) and6% (o); shea rate= 100s™. The
associationtempergure is determinedby plotting the same
resultsunderan“Arrheniusplot” (seeinset)

hardthickenerswhich could give answersto curren tech-
nologicd problems.

Influenceof thelengthof the PAA backbone

The thermothckening behavion of PAA7/PNIRA10-
31%in aqueoussolutiors is givenin Fig. 3. The associa-
tion temperatue canbe preciselydetemined by plotting
the resultsin an “Arrhenius plot” (seeinset of Fig. 3).
Compaed to the resuts obtainedwith PAA1/PNIRA10—-
29% (Fig. 4), we canseethat Tassis the samefor the two
copolymes at a given concentation. This denonstrates
againthat T.is fixed by the phasediagramof PNIFA
side chairs taking into account the PNIPA concentation
aswell asthe whole environmentalconditions,e.g. con-
centrationof acrylateunits, co-solues.

Onthecontary, the magitudeof the thermotlickening
effect largely dependson the size of the main chain. At
low concentations(Cp < 1.5%)the overlg betweenthe
backbones is very low, especidly for PAA1 andthis is
unfavoumble to the formation of intermolecularassocia-
tions. As a result, the thermothickening effect of PAA1/
PNIFA10-29% is, at low conentration, much lower
comparel to that of PAA7/PNIPA10-31%. At thesecon-
centrations, close to the overlg corcentration, the
strengttening of the thernpassoaitive effect is directy
related to the numbe of elastcally active chains. At
higher concentrations(Cp > 3%) the magnitude of the
thermothckeningeffect obtainedwith the PAAL/PNIPA-
10-29% is almostequal and even greatercompaed to
PAA7/PNIPA10-31% (Fig.5). This inversicn can be
interpretel by consdering the rheological behaviar of
the two precursorsPAAL and PAAY (Fig. 6). It is clear
thatthe PAA7 solutionis slightly sheasthinning whereas
the PAA1 solutiondoesnot showany significant variation
of theviscaosity with y in thatrange of shearate.

0.1 =

viscosity
(Pa.s)

Ny
0.01 .-..-..II.IIIIIIIII...

0.001 1 : : L
10 20 30 50 60

40
T (°C)

Fig. 4. Variationof the viscositywith tempeaturefor aqueas
solutions of PAA1/PNIPA10-29% at various concentations:
0.8% (e), 1.5%(0), 3% (m) and6% (o); shearate= 100s™
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Fig.5. Variation of the magnitudeof the themothickening
effect asa function of the copolyme concentation for aqueais
solutions of: PAAL1/PNIPA10-29% (0) and PAA7/PNIPA10—

31% (e); shearate= 100s™. The magnitudeA, is definedasthe
ratio of theviscosityat 60°C to thevalueobtainel by extrapolat-
ingtheinitial decreas¢o 60°C (seeinset)

To further investigate this problem we are using the
desciption of physicalnetwoks proposedby Tanakaand
Edwardg?. Generaly, the viscoelasic properties are the-
oretically descibedin a nonentangledegme, i.e. when
the numberof monomerunits betweentwo associative
side chans (stickes) is much smaler compaed to the
numkbker of monomes betweerphysicalentanglemerts. In
that casethe propertiesare dominatedby the life time of
a sticke into the hydrophobic clusters.In our cas, the
backbonehasa high molecular weight and at high con-
centation the previous hypothesis doesnot hold, since
the relaxatbn time of the hydrgphobicchan is no longer
nedigible compaedto the lifetime of the sticker. This is
what we obsenre with the PAA7 derivaive at Cp = 6%
where entarglementswhich areresmpnsiblefor the shear
sensitivity of the backbor, wealenthe physicalnetwoik.
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Fig.6. \Variation of the viscosity with shearrate for 3% solu-
tionsof PAAL (e) andPAAY (0) ata giventempeatureof 25°C

From a practicalpoint of view, the useof thermoasso-
ciative graft copolymes with a very long backbore could
be interestng for the low corcentrationsdoman (Cp <
1%) since:

1. theviscasity of thesolutionis higher
2. overlapis noticeableandfavoursintermolecularasso-
ciationsanda significantthermothtkeningeffect

Nevetheless,at higher concentrationsand underhigh
shearrates(y > 100s™), the sensiivity of long backbone
to medanical stresswealensthe physical netwok and
limits the peformanceof the associativesystem

Influenceof the chemicalnatureof the sidechains

a) Controlof thethermothickaing behaviour

As underined in a previoussection,the incorporation
of hydrophilic or hydrophdic unitsin the PNIFA chairs
(co-oligomers) can be usedto adjust the tempeature of
phasesepaationin water(cloud point). The thernothick-
ening behaviour of graft copolymersolutiors combining
the PAA7 backbone and different side chairs (PNIPA-
BMA, PNIFA10, PNIFA-AMPS and PNIPA-AAm) is
depidedin Fig. 7. As we cansee,the copolymersexhibit
adistinctassociate behaviour with the hydrophlicity of
the comonaner asit would be antidpatedfrom the cloud
point datareportedin a previous sedion. For the hydro-
phobiccomonomer(BMA) T,ssis much lower than10°C
so that the viscosty of the solution is almost constant
over the whole temperaturerange. The copolymerhasa
permarnt asociativecharater insteadof a thernoasso-
ciative tendencysincethe solubility of the side chairs is
consideably reducedThis effectis similar to the salting-
out of PNIPA side chairs by addingK,CO:™. Neverthe-
less,theincorporationof a hydrophobiccomonomeronly
increasesthe attractve component between the side
chairs while the introduction of K,CO; salt also lowers
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Fig.7. Variationof theviscositywith tempeaturefor 3% solu-
tions of PAA7/PNIPA10-31% (e), PAA7/PNIRFA-AMPS-16%
(0), PAA7/PNIPA-AAM-17% (m) and PAA7/PNIPA-BMA (o);
shearate= 100s™

the repulsive forces, i.e. the electrostat repulsins
betweerthe PAA backbones.

When hydrophilic comonomersareincorporatedin the
sidechairs, TS increasd by about15°C independeny
on the comonomerused.The presencef either4 mol-%
of AMPS or 15 mol-% of AAm in the sidechairs leadsto
similar behaviairs which is consistat with the cloud
point data We can compare the effect of hydrophilic
comonanersin the PNIPA side chairs with the addtion
of an anionic surfacant: SDS. As reportedearier, a
similar increaseof T,ss can be obtainedby adding SDS
which micellizes onto the PNIPA side chairs. This is
equivale to adding adsorbedchages onto the side
chains.

From theseresultswe canconcludethatthe incorpoma-
tion of comonomersinto the side chairs providesa very
selectiveway to contrd the associion tendency of the
grafts. An important charactestic of the associating
behaviouw of the side chairs is the value of T, and its
evolutionwith the composiion of the grafts. This will be
investigaedin thefollowing sedion.

b) RelationbetweenT,ssandthe cloudpointof the
thermoseriive precursors

In a previous pape we showed that, for copolymers
graftedwith PNIPAL0 side chains, T,ss wasvery closeto
the cloud point of the PNIPALO precursorin the same
environnental conditions. Of courseit is necessar to
take into accountthe salting-out effect of the sodium
acrylate units which lower this value compaed to pure
water Stating from theseresults,we obtainagereralfor-
mulawhich can predictthe cloud point whenthereis no
othersolue added:

TP = TPrzo — anaCPana (1)
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Tab.3. Compaison betweenthe assocition temperatureT.s)
obtained from rheolaical measuementsperformel on graft
copolymersand the phaseseparationtemperature(Tp) deter
minedwith the oligomeric precursorsn the sameenvironmettal
conditions.

Copolymer Cp Tass TP Tass TP

wt.-% °C °C °C

PAA7/PNIPA10-31% 0.8 34 34 0

15 33 33 0
3.0 32 315 0.5
6.0 30 28.5 15
PAA7/PNIPA-AMPS-16% 0.8 55 52 3
15 47 485 -15
3.0 43 44 -1
6.0 37 38 -1
PAA7/PNIPA-AAM-17% 0.8 56 49 7
15 52 47.5 4.5
3.0 455 45 0.5
6.0 40 41 -1

whereTpuyo is the cloud point in purewaterasgiven by
oneof the phasediagamsof Fig. 1, Cpana iS the concen-
tration of sodiumacrylateunits (in wt.-%). The value of
aana Wasdetaminedexpeimentally. aana= 1.27°C/%.

Using Eg. (1) the values of Tp can be calculated for
threedifferert graft copolymerssolutiors and compaed
to the valuesdeducedfrom rheologicé experimets (see
Tab.3). Thereslts dispay that,excep for somelow con-
centrationgCp < 1.5%), T.ssis alwayscloseto Tp. It has
to be noted that for the two copolymers PAA7/PNIPA-
AMPS-16% and PAA7/PNIRA-AAM- 17% T.ssis difficult
to determineaccuately whenCp < 1.5%, sincethe ther
mothickenng effect startssmoothy andcloseto the end
of theexperimeral temperaturerange.

Onceagain,thesecompari®nsclearly indicate that for
a graft copolymerwith long side chains (M, = 10000g/
mol) the thermodyamic propertes of the grafts cortrol
theassocition. The phasediagramis thus a usefulguide-
line for the desigh of thermoasociatve graft copolymers
with desiredassocidabn temperaures.

Influenceof theionisationdegreeof the backbone

All the graft copolymersmertioned here possesa PAA
backbone which is initially undera fully ionisedform.
Sincewe havesesn that the electrostaticrepulsionsplay
an important role in the formation of the hydrophobic
microdormains we have progresively deceased the
degreeof ionisatin of the backbor (denoteds) by add-
ing different amaunts of hydrochloric acid (HCI). It is
worth mertioning thatthe copolymeris no longer soluble
if we godownto low « values(a — 0), aconplex coacer
vation (hydrogen bondirg) takes place between car
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Fig.8. Variation of viscosity with temperatuve for a 6% solu-
tion of PAA7/PNIPA-AMPS-16%at variousionisaion degres:
1 (e), 0.75(0), 0.49(m) and0.33(x); shearate= 100 s*

boxylic groups and NIPA units®. The thernothickering

behaviour of the PAA7/PNIPA-AMPS-16% at various

degeesof ionisatonis depictedin Fig. 8.

The a valuesare calculted from the amaunt of HCI
introducedassunng a 1: 1 stoichiametry,

Severaleffects can be distinguishedalong the whole
tenperaturerange.

For low tenmperatures T < 20°C, the acidification of
the backbonegivesrise to a continwous decreae of the
viscasity. This effect hastwo origins:

1) the increaseof the ionic strengthof the solution
accodingto thefollowing reaction

—COONa+ HCl > —COOH+ NaCl 2

2) thedeceaseof the chagedunitsin themain chain

In order to discriminate betweenthesetwo effects we
performed complemetary experimens whereequivalen
amaunts of NaCl were addedto the initial copolymer
soluions (a = 1) (seeFig. 9). The compaison with the
curve obtanedwhenHCI is addedshowsthat:

— for a = 0.75, the two curvesare neaty supeimposei
sothatthe effectis entirely dueto theionic strengh,

— for a < 0.50,the viscosityis significantly lower when
HCI is added,comparedto NaCl, sothat other effects
haveto beconsideed.

We can notice that T, remainsunchamed when the
degee of ionisation is varied betweenl and 0.5. For
lower values (here a = 0.3) T,ss decreasessignificantly
(about 15°C) andthe thickering effect is very sharp;the
viscasity gairns morethanone order of magnitude within
6 degees.The sharpnes®f the transitionindicatesthat
we are closeto the corditions of complex coacevation
mertioned previously Additiond commentscanbe done
by conmparing Tass With the cloud point value calcuated
accoding to thefollowing equation
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Fig.9. Compaison of the curvesobtainedwith a 6% solution
of PAA7/PNIPA-AM PS-16%by addingHCI or a molar equiva-
lent amountof NaCl. a« = 0.75(e) and0.2M NaCl (0); a = 0.49
(w) and0.3M NaCl(o); « = 0.33(A) and0.5M NaCl (A)

TP = TPhzo — 8anaCPana — 8aHCPan — 8nacChac 3

where Cpay is the concentation of acnfic acid units in
wt.-% and Cyac the concentation of NaCl (in mol/kg of
water denotedM). In Eq. (3) the terms aana and anac
accountfor salting-out effects of the sodium acnylate
units and of the sodium chloride issuedfrom the acid-
basereaction(Eq. 2). Compkementay expeimentsallow
to deternine the value of anac) Which is around12°C/M.
The term a,y accountdor the influenceof the acid units
on the PNIPA behaviarr. Since the numeical value of
this tem is not known, we will use the difference
betweenT,ssand Tp to descibe theinfluenceof acid units
(Tab.4). We can seeclealy that for a valuesrarging
between0.5and 1, T,ssand Tp are almostidertical, indi-
cating that the acid units have no significant effect. On
the contrarywhen a deceasesdown to 0.3, Tassis 14°C
lower than Tp. In that case there are enoughacid units
alongthe PAA backooneto give rise to stronghydrogen
bondirg with NIPA units. Moreover, sincethe positionof
the chagesare not fixed on the backbonethe acid units
caneasly gatheraroundthe NIPA microdomairs whereas
the acnylate units arerejectedin the outerpart of the net-
work. This prevens a macrascopicphaseseparéon.
Thesereslts clearly illustrate the importarce of the
repulsive contribuion of the main chainin the formation
of the physicalnetwoik: the chagesof the PAA backbore
can efficiently maintan an osmotic pressue in the net-
work in orderto avoid any phaseseparatio (“collapse”
of the physical network) Moreower, the role of pHasa
driving-force for the associatins is emphasized. The
interestng pH range is around 3.5-4, since large acid
sequenes are requiredto developsignificant hydrogen
bondswith PNIPA grafts. Theseinteractionsdisrupt the
hydrationof the sidechairs andasaresut T,ssis abuptly

Tab.4. Compaison between T, (deducel from rheological
data)and Tp (calcuated accordingto Eq. (3) with a4 = 0) for
6% solutionsof PAA7/PNIPA-AMPS-16%

lonisationdegree pH Tass Tp Tass= TP
°C °C °C
1 =>8.0 37 38 -1
0.75 =54 38 36 2
0.49 =45 37 375 -0.5
0.33 =3.8 22.5 365 -14

decrease asif they were more hydrophdic. Neverthe-
lessthe equilibrium betweentheforcesis very subte and
if the contribution of the backboneis overturred from
repulsiwe to attractive the copolymerno longer remains
stableanda phaseseparationoccus at pH below3.5.

Mixturesof differentpolymers

In previaus sectims, we haveseea thatit waspossble to
control the rheolgyical propertiesof aqueoussoluions
through the primary structure of the copolymer For a
given copolymeronecanmodify the maaoscopicproper
ties by addingeffective cosoltesbut anoter interesting
alternatve concensthe mixture of copolymes.

First of all, we shall considerthe effect of adding
increasingamaunts of the PAA1 precursorto a 3% solw
tion of PAA1/PNIPA10-29% (Fig. 10). Three effectsare
detectel:

1) atT < T, theviscosity increases

2) Ta.ssdecreass,

3) the thermothtkening effect is lowered and almost
completely canceled out when 4.2% of PAAL is
addel.

The first point is causedby the increaseof the total
concentation of polymer in the solution (from 3% to
7.2%uponaddingPAAL). The point 2) is a consegence
of the “salting-out” effect of sodium acrylate units on
PNIPA side chanswhich was previously detailed.Using
the Eg. (1) we canaccountconvenently for this variation
(datanot shown). To explainthe decreasef the thermo-
thickeninguponaddingPAAL (point 3) we mustconsider
that the thermoasociatve polymer chairs (PAA1/
PNIFA10-29%) are progresively surraundedby PAAL
chainsthat areabsdutely inactivein the formation of the
physicalnetwolk. In otherwords,the PAAL chairs hinder
the formation of aggregées at leastby steric considea-
tions. Of coursemore studiesare neead to give a more
accuratepicture of this maacomolecubr orgarisation, but
the occurence of a phaseseparéion betweenthe two
polymersdoesnot seemto takeplacein this case

A similar experimen wasthen performed with PAA1/
PNIFA 5-14.5%instead of PAAL. In that casewe mixed
two thermoasociative copolymes differing only by the
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Fig. 10. Variation of the viscosty with tempeaturefor a 3%
solution of PAAL/PNIPA10—-29% with different concentations
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Fig.11. Comparisorof they = f(T) curvesobtainedwith 1) a
3% solution of PAAL/PNIPA10—-29% (e), 2) the samesolution
with 2.1% of PAAl added(z) and 3) the samesolution with
2.4%o0f PAAL/PNIPA5—14.5%added(0); shea rate= 100s?

lengthof the PNIPA sidechairs (M, = 5000and10000g/
mol). Fromthe curvesreportedin Fig. 11, we canseethat
themixing behaviou is very differentif we takethe PAA-
PNIFA copolymer or its PAA precursor As a PAA1/
PNIPA 5-14.5%aqueousolution doesnotexhibit signifi-
cantthernothickering properties underthoseconditions,
we can assumethat mixed aggregats of PNIFAS and
PNIFAL0 are formed betweenthe two copolymers The
resultingeffectis notsoimportart probablybecaus®f the
limited associtive propertief PNIFAS grafts.Nevertte-
lessit emphasiseghe possilility of forming mixed asso-
ciationsimplyingdifferenttypesof sidechairs.

If we now exanine the thernothickering propeties of
a mixture of PAA7/PNIPA10-31% and PAA7/PNIPA-
AMPS-16% (Fig. 12) we can notice two major trends.
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Fig.12. » = f(T) curvesobtaina with 1) a 6% solution of

PAA7/PNIPA10—31% (0), 2) a 6% solution of PAA7/PNIPA-

AMPS-16% (o) and 3) a mixture containing 3.6% of PAA7/

PNIFA10—-31% and 3% of PAA7/PNIPA-AMP S-16%(e); shear
rate=100s*

Note thatin this casewe havemaintanedthe total copo-
lymer concentationconsant.

First of all, the associationis triggered out by the more
hydrophdoic sidechairs:

Tassmixture =29.5°C Whlle TassFAA7/PNIFA10—31% =30°C.

Taking into accountthe thermodyamic behavious
descibed previously this resultcould be anticipated.The
secondpoint concerrs the dynamic of the thernothickenr
ing process.As judged by the slope of the curves, it
seems that the formation of mixed microdomainswith
temperatures controlledby the lesshydrophddic compo-
nert or more exacty by thelessassociatie one.

Conclusion

The synthess of thermoasociatve graft copolymershas
been describedthrough a two-step procedure:1) the
synhesisof functional oligomerscarryingan amino end
group and?2) the grafting of theseoligomersonto a poly-
(acnflic acid) precusor. Onthis basiswe haveshown that
it was possilbe to contrd almostall the main structural
parameterf the graft copolymesin orderto adjusttheir
soluion propertes.

Severaleffects have beendetailedand can be divided
into two groups thoserelatedto the dynamicsof the phy-
sical netwak andthoseconceriing theinteractonsin the
psewo-ternay system/(grafts, backbone,solvent). The
grafting extentand the length of the PAA baclboneare
importantparametes in relation to the numberof elasti-
cally active chairs. While the normd trend would be to
increase these parametes, there are some importart
drawbacksassociatedwith:
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1) the macroghase sepaation which can occur at high
graftingextents,

2) the increaseof the entanglemets with the molecubr
weight (at a given concentration) and the interference
of the sheasthinning behaviow of the backbonewith
the physicalnetwolk.

From a thermodyamic point of view, we haveshown
thatthe chenical natue of the grafts canbe usedto con-
trol the associabn temperaure of the copolymers. A
good knowledgeof the phasediagiam of the grafts is
thereforea usetll tool to predictunder which condiions,
eitherin purewater or with addedco-solues,the copoly-
mer will startto associat. Then the settlemen of the
microdorains will dependon the conpetition between
attractive and repulsiwve forces. In previous studieswe
have shown that strong electostatic repulsions between
the backbor canslow down the formation of hydropho-
bic clusters.lonic strengh is therebre a possibleway to
strengtten the associabn processThis canbe donevery
simply by addingsaltor by decreasinghe degeeof ioni-
sation of the backbor. Neverthelesswith this second
option we can also modify the attractve interactons
betweenthe backboneandthe grafts, which canleadto a
complexcoacervatin of the copolymer

The thermodynanic behaviarr of thesethermoasocia-
tive graft copolymersis now well undersbod andit has
beenclealy establshedthat the phase separéion of the
side chain precursorss the driving-force of the associa-
tion process Nevatheless,the dynamics and the mor-
phology of the hydrophdic microdomairs still haveto
be examned more deeply(e.g. the variation of the num-
ber of elastrally active chains with temperature, the
dynamcs of the associéions). Thesestudesarecurrently
carriedout at our departmenin orderto completethe pic-
ture of theseresponsie systens.
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