Zarojelentés
“Poli(N-izopropilakrilamid) alapu mikrogélek elektromos tulajdonsagai és
kolcsonhatasa ionos tenzidekkel”
(OTKA K 100762)

A kutatas célja, a kutatasi program ismertetése

A mikrogélek (nanogélek) rendkiviil széleskorii alkalmazasi lehetdségiik miatt az
utobbi évtizedekben a kutatasokban kiemelt figyelmet kaptak. Elsésorban az un.
nintelligens” anyagok keriiltek az érdeklédés kozpontjaba duzzadasi
tulajdonsagaik ¢és permeabilitasuk kiilsé paraméterek (mely a gél kémiai
Osszetételétol fiiggden lehet a hdmérséklet, ionerdsség, pH, elektromos tér, stb.)
hatasara torténd extrém nagymértéki és reverzibilis valtozasa miatt. Bar szamos
intelligens anyag készitésére alkalmas polimert talaltak, ezek kozott is kiilonosen
fontossa valtak a hémérséklet-érzékeny poli(N-izopropilakrilamid) (pNIPAM)
mikrogélek (Pelton, R. H. Adv. Colloid Interface Sci. 2000, 85, 1.), melyek 34 °C
koriil egy sziik hémérséklet-tartomanyban kollapszust szenvednek. A csak
akrilamid monomerbdl, vagy mas egyféle monomerbdl felépiild6 mikrogélek
felhasznalhatosagat azonban korlatozza a kémiai mindség altal meghatarozott
kollapszus hdémérséklet. A mikrogél tulajdonsagainak valtoztatisara tovabbi
lehetoségek: kopolimer gélek szintetizalasa, mag-héj szerkezetli mikrogélek
eldallitaisa és a polimerrel erdsen kolcsonhaté adalékokkal a rendszer
tulajdonsagainak modositasa.

A kopolimerizacioval torténé modositas kiilondsen akkor jelentds, ha a ko-
monomer mindsége lényegesen eltérd, pl. a NIPAM-ot akrilsav monomerrel
egyiitt polimerizaljuk. Ebben az esetben a hdmérsékletérzékeny pNIPAM a
beépiilt gyenge savként viselkedd akrilsav jelenlétében tovabbi paraméterek, a pH
¢s az ionerdsseg valtozasara is reagal, és a kollapszus homérseklet is eltolodik.

A mag-h¢j felépitésli szerkezetek a mikrogélek sziporkdzoan sokféle
felhasznalasara nyitnak Gjabb lehetdséget. Az elsd szintézisben készitett magra
egy kovetkez6 1épésben az eltérd Gsszetételli héjat polimerizaljak ra. Ebben a
csoportban szintén azoknak az anyagoknak van nagyobb jelentdsége, melyekben
a mag ¢s héj polaritdsa eltér6. Pl. az egyik NIPAM monomerekbdl, a masik
akrilsavbol épiil fel. Meg kell itt emeliteni, hogy kb. 25 %-nal tobb akrilsav
monomert nem lehet sem a magba sem a héjba beépiteni, mert afelett a mikrogél
szintézise anomalissa valik.

Az adalékokkal torténd modositas szempontjabol elsGsorban a tenzidek jonnek
szoba. Az akrilsavas izopropilakrilamid kopolimerek vagy a mag-héj szerkezeti



gélek az ellentétes toltésti ionos tenzidekkel erds kolcsonhatasba 1épnek és
alapvetéen modositjak azok elektromos tulajdonsagait.

A mikrogélek elektromos tulajdonsagainak jellemzésére jelenleg egyetlen
modszer, a részecskék elektroforetikus mozgékonysaganak mérése all
rendelkezésre. Az  elektroforézis  értékelésére  kétféle, egymasnak
koncepcionélisan ellentmodd elmélet hasznalatos, ezek a klasszikus kompakt
kolloid részecske (,,non-draining”) modell és a szabad atfolyasos (,,free draining”)
modell. A mikrogél részecskék elektoforetikus mozgékonysaganak elméleti
leirdsaval kapcsolatban a nehézség abban rejlik, hogy az ellendrzéshez sziikséges
fliggetlen elektromos paraméter jelenleg nem mérhetd, raadasul az elektromosan
»semleges” pNIPAM is tartalmaz a szintézis soran alkalmazott perszulfat
iniciatorbol szarmazo szulfat csoportokat. Az irodalomban megjelent
kozlemények talnyomo tobbségében a priori az un. ,.free draining” modell alapjan
értelmezik a mozgékonysagot €s az elmélettdl valo eltéréseket megalapozatlan
korrekcidkkal probaljak magyarazni. Ebben az elméletben, mivel a
mozgékonysag a részecske Osszes toltésével kapcsolatos, a klasszikus elméletbdl
szamolhato feliileti potencidlnak nincs is fizikai tartalma. A mikrogél-tenzid és
polielektrolit-tenzid részecskék mozgékonysaganak értékelése soran az ezen
rendszerekkel foglalkozo kozlemények a free draining modellrdl tudomast sem
vesznek, hanem a klasszikus elmélet alapjan kvalitativ szinten interpretaljak a
méréseket. A Kklasszikus modell sem lenne azonban alkalmazhat6 eredeti
formajaban, mert a mikrogél részecskék nem kompaktak és a kisionok
behatolhatnak a részecskeék feliileti toltés-rétegébe.

Kutatésaink elsddleges célja a részecskék elektromos jellemzése volt jol definialt
modelleken végzett szisztematikus mérések alapjan, annak eldontésére, hogy
melyik koncepcid a korrekt, azaz mi a dont6 paraméter (a részecske 0sszes toltése
vagy a feliileti toltés), amely a mozgékonysagot meghatirozza. Kiilonb6zo
elektromosan toltott és semleges mag-héj szerkezetli gélrészecskéken torténd
vizsgalatokkal kivantuk kvalitativ szinten eldonteni, hogy az elektroforetikus
mozgékonysag értelmezésére melyik koncepcié hasznalhatd, azonban ezek sem
bizonyultak a kérdést egyértelmiien eldontének. A kiilonbozd szerkezetli
részecskék mozgékonysaga ugyanis csak akkor volt értelmezhetd ugyanazon
elmélet keretein beliil, ha feltételeztiik, hogy a toltott mag/semleges héj esetében
a mag duzzadédsa sordn a mag ionos polimerldncai részlegesen penetralnak a
semleges héjba. Ennek eldontése céljabol ugyanarra a p(NIPAm-co-akilsav)
toltott kopolimer magra kiilonboz0 vastagsdgi semleges PNIPAM héjat
épitettiink. Vizsgaltuk tovabba a kiilonbozd polielektrolit-ellentétesen toltott
ionos tenzid rendszerek oldatbeli és hatarfeliileti tulajdonsagait.

A kutatas soran elért eredmények



1. Mikrogél modellek eléallitasa és az ahhoz kapcsolodo eredmények

Kiilonbozé pNIPAM mikrogél latexeket szintetizaltunk, a mintékat tisztitottuk
(dializis, centrifugélas) és hidrodinamikai méret, valamint kollapszus hdmérséklet
mérésekkel jellemeztiik.

a/ Eléallitottunk egy  adott  keresztkotés-stirliségnél  heterogén
szegmenseloszlasu pNIPAM mintat a hagyomanyos “bath” médszerrel, valamint
homogén szegmenseloszlast mintat az altalunk korabban kidolgozott 1) “feeding”
modszerrel (Roberta Acciaro, Tibor Gilanyi and Imre Varga, Langmuir 2011, 27,
7917-7925). Megallapitottuk, hogy a részecskék szegmens-eloszlasa a kollapszus
hoémérsékletre nem hat szdmottevoen, a duzzadasi tulajdonsagok azonban
nagymértékben valtoznak.

b/ Mag/héj szerkezetii (toltott NIPA-co-akrilsav kopolimer mag semleges
NIPA he¢jjal és semleges mag toltott heéjjal) mintakat allitottunk elo. A
hagyoméanyos mag-héj szintéziseket két 1épésben végzik: elébb a magot allitjak
eld, szeparaljak, tisztitjdk, majd azokon polimerizaljak a héjat. A héj fizikailag
kapcsolddik a héjhoz. Ezzel a modszerrel legfeljebb 25% akrilsavtartalmu
kopolimer héjat lehet felépiteni. A mag-héj szerkezet eldallitasara 1j, egylépéses
szintézis modszert dolgoztunk ki, melynek eldnye nemcsak egyszeriisége, hanem
az is, hogy a héj kémiai kotésekkel kapcsolddik a maghoz, tovabba 100 %
akrilsavtartalma hé; is szintetizalhato. A polielektrolit héj képezhetd
keresztkotésekkel vagy anélkiill, tovabba hagymaszerkezeti komplex
mikrorészecskék (A-B-A-B... vagy A-B-C-D..) is eloéallithatok, amely az
alkalmazasi lehetéségek szélesebb korét nyitja meg.

Meghataroztuk a duzzadasfok vs. hOmérséklet fliggvényeket, valamint az
elektroforetikus mozgékonysagot a kollapszushémérséklet alatt és felett.

¢/ A mikrogél részecskék elektroforetikus viselkedésében mutatkozo
ellentmondas tisztazasa érdekében pNIPAM homopolimerrel boritott toltott
mag/semleges héj szerkezeti mikrogél részecskék novekvd héjvastagsagu
sorozatat allitottuk eld. A kiillonbdzé monomereknek a polielektrolit gélbe torténd
konverziojat HPLC mérésekkel kovettiik az 1d6 fiiggvényében. A szintézis elsd
szakaszaban a polielektrolit magot szintetizaltuk, majd az akrilsav teljes
beépiilése utdn csak NIPAM momomert tartalmazo rendszerben folytattuk a
szintézist a semleges h¢j kiépitése céljabol. A héj ndvekedése soran mintat
vettiink a reakcidelegybdl, a polimerizaciot leallitottuk és a mikrogél szeparaldsat
¢s tisztitasat kovetden DLS ¢és elektroforézis méréseket végeztiink.

2. Mikrogélek elektromos tulajdonsagainak vizsgalata



Az elektromosan semleges pNIPAM, a 10 % akrilsav tartalmu toltott NIPAM-
akrilsav kopolimer, tovabba a semleges pNIPAM magon toltott héj és a toltott
magon semleges héj szerkezetli mag-héj mintakon dinamikus fényszorddas és
elektroforetikus  mozgékonysag méréseket végeztink a  hOmérséklet
fliggvényében alland6 ionerdsségnél pH = 7-nél, amikor az Osszes akrilsav
disszocialt allapotban van. Vizsgaltuk tovabba a pNIPAM magon ndvekvd
vastagsagu semleges héjat tartalmaz6 mintak elektroforetikus mozgékonysagat.

A toltott részecskék térfogata egy nagysagrenddel nagyobb mint a semlegeseké.
Egyezésben az 4altalanos irodalmi tapasztalattal, a részecskék hidrodinamikai
mérete csokken a hdmérséklet novekedésével. A semleges pNIPAM részecskék
32 °C koriil kollapszust szenvednek. A t61tott részecskék kollapszus hdmérséklete
nagyobb hémérséklet felé¢ tolodik és a kollapszus elnyujtotta valik. Meglepd
modon a semleges mag — toltott h¢j €s a toltott mag — semleges héj szerkezetl
mag-h¢j mintak részecskeméret vs. hdmérséklet fiiggvénye nem kiilonbozik.

A méréseket a szabad atfolyasos és a kompakt részecske modell alapjan
értékeltiik. A modellek fizikai alapjat elméletileg is elemeztiik és skalazasi érvelés
alapjan megmutattuk, hogy a részecskék mozgasat meghatdrozo hidrodinamikai
ellenallas nagysagrendekkel nagyobb a szabad atfolydsos modell esetén, amikoris
az Osszes polimerszegmens surlodik, szemben azzal, ha a részecske kompakt
kinetikai egységként mozog. Ez az eredmény egyezik a polimerreologiabol jol
ismert koncepcioval, miszerint oldatban a polimergombolyag a benne 1évo
olddszerrel egylitt mozog.

Eltéréen a korabbi irodalmi gyakorlattol, nem a mozgékonysagot szamoltuk az
elméletekbdl a mérési adatokkal vald Osszehasonlitas celjabol, amihez tobb
bizonytalan paraméter sziikséges, hanem a toltést. A megvaldsitott kisérleti
koriilmények kozott a részecskek toltése ugyanis a duzzadasi foktol fliggetleniil
allando érték. Ezért fiiggetleniil attol, hogy az elméletileg a kétféle modellbdl
szamolt toltés abszolut értéke a szamolashoz hasznalt paraméterek esetén korrekt-
e vagy sem, az elméletileg szamolt toltésre a részecskék duzzadasi fokatol
fliggetlen invarians értéket kell kapni, ha az elmélet korrekt. A kisérleti
mobilitasokbol szamolt toltés a duzzadasfok fligvényében mind a négy vizsgalt
mikrogél esetében konstans a feliileti toltés modellbdl szamolva. A szabad
aramlasos modell viszont jelentds ndvekedeést mutat a részecskék meéretének
novekedésével. Megallapitottuk, hogy a kompakt részecske modell alkalmasabb
a mikrogél részecskék elektroforetikus mozgékonysaganak értelmezésére.

(A munka eredményérdl a Langmuirnak bekiildott kézirat a beszdmold végén
mellékletben csatolva van.)

3. Polimer-tenzid és polielektrolit-tenzid rendszerek vizsgalata



a/ Vizsgaltuk a poly(diallyldimethylammonium chloride)/sodium dodecyl sulfate
(Pdadmac/SDS) and poly(ethylene imine)/SDS (PEI/SDS) elegyeket dinamikus
felilleti fesziiltség, ellipszometria, Brewster mikroszképia ¢és neutron
reflektometria mérésekkel. Mivel bizonyos Osszetétel tartomdnyban a
tombfazisban nemegyensulyi aggregatumok képzddnek, a rendszereket tobbféle
keverési eljarassal allitottuk eld és vizsgaltuk a levegd/oldat hatarfeliileti
tulajdonsagokat.

Az ellentétes toltésti polielektrolit-tenzid komplexek oldatbeli és hatarfeliileti
tulajdonsagainak vizsgalata soran megallapitottuk, hogy bizonyos 0Osszetétel
tartomanyban, amikor nem-egyenstlyi rendszerek képzddnek az oldatban, a
komplex spontan behatol az adszorpcios rétegbe. Ezért az adszorpcios réteg
szerkezete nemcsak a rendszer Osszetételétol, hanem az eldallitas modjatol és az
1dotol is fiigg. Ez magyarazatot ad az ilyen rendszereken végzett mérések ¢€s az
ezeket tartalmazd ipari termékek rendkiviil rossz reprodukalhatosidgéara és
ismerete lehetdséget ad a tulajdonsagok megbizhat6 szabalyozasara.

b/ Polielektrolit-tenzid filmek ultrahatékony ecléallitasa oldatbol elektromosan
semleges komplexek szétteritésével.

Vizsgéaltuk a poly(sodium styrene sulfonate)/dodecyl trimethylammonium
bromide (NaPSS/DTAB) polielektrolit/tenzid rendszert elektroforetikus
mozgékonysdg méresekkel, valamint ezek elektromosan semleges Osszetételll
komplexét a levegd/oldat hatarfeliileten Langmuir filmmérlegben ellipszometria
mérésekkel.

A polielektrolit-tenzid részecskék oldatbol a hatarfeliileti rétegbe keriilésének
kinetikajat és a kepzodott filmek tulajdonsagait vizsgaltuk. Megallapitottuk, hogy
a korabbi nézettel ellentétben a filmek tulajdonsagait nem lehet egyenstlyi
allapotokkal értelmezni. Vizsgaltuk a filmek dinamikus tulajdonsagait €s arra
alapozva egy Uj moddszert mutattunk be ultrahatékony filmek eldallitasara,
melynek alkalmazéasaval a rendszer 6sszes makromolekula-tartalmanak harmada
keriil a feluleti filmbe, akkor is, ha a makromolekula tenzid nélkiil nem
feliiletaktiv. A film els6 kompressziojakor a filmbdl a felesleges anyag eltavozik,
majd a tovabbi kompressziok soran oldhatalan filmként viselkedik. Ezek az
eredmények paradigmavaltast jelenthetnek e filmek ipari eldallitdsanak
kiaknazasaban mind a filmek tulajdonsadgainak beallitasaban, mind a
kornyezetkarositas vonatkozasaban.



¢/ Poli(vinilalkohol-vinilszulfat) kopolimer hexadecil- és dodecil ammonium
bromiddal képezett komplexeit vizsgaltuk pirén fluoreszcencia spektroszkodpia,
elektroforetikus mozgékonysag, turbiditas ¢és dinamikus fényszorddas
mérésekkel.

A mérési eredmények arra utalnak, hogy a tenzid polielektrolithoz vald kdtédése
harom tartomanyra bonthat6. Kis tenzidkoncentracioknal a tenzid a szulfat
csoportokhoz kotédik €s a rendszer valodi oldat. A toltéssemlegesitodés
tartomanyaban kompakt kolloid részecskék keletkeznek, melyek koagulalnak.
Tovabbi tenzidadalék hatasara a részecskék. Korabbi kutatasaink alapjan, ha a
komplex homopolimert tartalmaz, akkor kis ionerésségnél Kinetikailag stabil
kolloid rendszer képzddik €és tovabbi valtozas mar nincs a rendszer allapotdban
novekvd tenzidkoncentracioval. A vizsgalt kopolimer esetében azonban egy
bizonyos kritikus tenidkoncentracio felett a tenzidnek a vinilalkohol csoportokkal
valo kolcsonhatasa kovetkeztében a kompakt részecskek Gjra megduzzadnak és
ismét termodinamikailag stabil polimer-tenzid oldat képzOédik, mint a
kolcsonhatas elsd szakaszaban.

4. Mikrobuborékok eloallitasa

A nanorészecskék elektromos tulajdonsdgainak vizsgélata céljabdl mérési
terveinket egy 1) elképzelessel bovitettilk, amely az elektromos tulajdonsagok
alaptudomanyi vizsgélatahoz ¢€s esetleg Gjabb gyakorlati felhasznalasokhoz adhat
lehetOséget. Az elképzeles lényege, hogy n€hany sziz nm meéretll stabil
“nanobuborékokat” (mikrobuborékokat) tartalmazo gazdiszperziot allitunk eld,
melyek levegd/oldat hatarfeliiletén tenzideket adszorbedltatunk, majd a
tovabbiakban komplex mikrobuborék/mikrogél rendszereket allitunk eld €s azok
tulajdonsagait elektroforetikus és dinamikus fényszoras modszerrel vizsgéaljuk. A
makroszkopos feliileten adszorbealt tenzidréteg elektromos tulajdonsagairol (pl.
az ellenionok szerepérdl) megfeleld mérési modszer hidnyaban ugyanis jelenleg
nincs megbizhatd ismeret.

Ultrahang generator segitségével mikrobuborékokat allitottunk eld €s vizsgaltuk
az eldallitds optimalis paramétereit. A mikrobuborékokon adszorbedlt ionos
tenzidek elektroforetikus mozgékonysaganak vizsgalatara soran azt tapasztaltuk,
hogy a mintadk nem-f616z6d6, valoszintileg a buborékok eléapritasdhoz beépitett
szerves szlrobol szarmazo részecskékkel szennyezettek. Miutan a mérésbol az
tiveg-kiivettan kiviil minden idegen anyagot kikiisziiboltiink, kideriilt, hogy a
titanfej a koncentralddd nagy energia miatt szintén apritodik, amit vizudalisan is
lathatd gyors kopasa is igazol. Ezt a problémat a gdzdiszperzid6 utdogos
centrifugalassal torténd szeparacidjaval probaltuk megoldani. A kapott
»Zazdiszperzio”  szedimenticids  stabilitdisa azonban elméletileg sem
titanrészecskékkel, sem buborékokkal nem értelmezhetd. Valosziniileg titant is



tartalmazd buborékok keletkeznek a rendszerben. Ennek a téménak a jovobeli
folytatdsdhoz az ultrahangos modszer helyett mas modszert (pl. elektrolizis,
hirtelen nyomasvaltoztatas) kell a buborékok eldallitasahoz valasztani.

Kutatési eredményeinkrdl a polielektrolit-tenzid kolcsonhatas témakdrben vezetd
folydiratokban 2 kdzlemény megjelent az OTKA tamogatas feltiintetésével. Két
tovabbi kozleményt a mag-héj szerkezetli mikrorészecskék elektroforetikus
mozgékonysagarol és polielektrolit-ionos tenzid monorétegekrdl benyujtottunk.
A mikrogélek elektromos tulajdonsagainak témakorében elvégzett kisérletek
anyagabol tovabbi publikaciok az értékelés elméleti alapjat megalapozé dolgozat
megjelenését kdvetden keriil sor.
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Abstract

The electrophoretic mobility of poly(N-isopropyl acrylamide) and poly(N-isopropyl acrylamide -co-
acrylic acid) copolymer particles, as well as different core-shell microgel particles (neutral core with
charged shell and charged core with neutral shell) was investigated. The size of the particles was
changed by de-swelling the microgels with increasing the temperature. To interpret the experimental
results we used scaling arguments to show that due to the strong hydrodynamic interactions the inner
part of the microgel becomes non-draining in low ionic strength media and only the outmost thin shell
of the microgel contribute actively to the electrophoretic mobility. We found that the experimental
results were in good agreement with prediction of this model, while we found physical inconsistencies
when the experiments were analysed in terms of the draining models used wide-spreadly in the
literature.

INTRODUCTION

In recent years, considerable interest has been focused on the development of “smart” aqueous
microgels whose properties change dramatically upon the application of a specific environmental
stimulus (e.g. temperature change). While a variety of polymer systems have been explored, most
attention has been payed to microgels that are based on poly(N-isopropyl acrylamide), pNIPAm.!
Despite the fact that the charge distribution within the microgel particles has a profound effect on
their properties (e.g. swelling and colloid stability) the possibilities for the characterization of the
electrical structure of the microgel particles is rather limited. The total charge of the particles can be
measured either by conductometric or potentiometric titration.? However, these measurements may
only provide limited information on the charge distribution within the particle. Another widely used



method to characterize the electrical properties of the microgel particles is to measure their
electrophoretic mobility. These data provide crucial information to understand the colloid stability of
these systems. However, if we are interested in the relationship between the mobility and the charge
distribution within the soft gel particles the available literature seems rather ambiguous. Two concepts
have been used to interpret the experimental mobility data of the microgel particles. Either the gel
beads are treated as non-draining hard sphere colloids® or as spherically symmetric, draining
polyelectrolytes® that are permeable to the solvent and mobile charged species. In the former case the
electrophoretic mobility is determined by the electrokinetic charge (charges localized at the surface of
the particle; i.e., the amount of charges, which are compensated beyond the slipping plane of the
moving particle in the diffuse electric layer). However, in the latter case all fixed charges embedded
into the gel network contribute to the mobility of the gel beads (for further details see below).

In the very first paper that investigated the temperature dependence of the electrophoretic mobility
of pNIPAM microgel particles, Pelton et al.® have already used both a polyelectrolyte and a colloid
particle model to fit the experimental mobility data. They concluded that though the surface charge
model required 20 times less charge in a particle, the two fitted theoretical models resulted in rather
similar curves that were in reasonable agreement with the experimental data.

Ohshima et al.® studied the electrophoretic mobility of polystyrene particles covered by a pNIPAm shell
as a function of the ionic strength. They concluded that the draining model well describes the mobility
below and above the LCST temperature of pNIPAm. However, it should be noted that when pNIPAmM is
in its collapsed state its water content reduces below 50%,° thus it is rather questionable if the medium
can indeed drain through the collapsed gel particle under these circumstances. Later, an extensive
study was performed by Pichot et al.” on the electrophoretic mobility of latex particles composed of a
polystyrene core and a pNIPAm or poly(NIPAm-co-aminoethyl methacrylate) shell. They measured the
mobility of the latex particles as a function of pH, temperature and ionic strength. They concluded that
the uniform polyelectrolyte layer model proposed by Ohshima could not describe their experimental
data at low ionic strength but it worked at high salinity. They attributed this discrepancy to ionic
strength induced charge distribution changes within the latex particles.

Fernandes et al. has investigated the electrophoretic mobility of ionic microgel particles (2-
vinylpyridine crosslinked with divinylbenzene) as a function of pH in 1 mM NaCl.% They used Ohshima’s
theory for polyelectrolyte coated spherical particles* to model the experimental mobility data. As they
highlighted in this paper the main challenge in the application of the draining polyelectrolyte models
is that the hydrodynamic friction of the polyelectrolyte network usually cannot be calculated as the
sum of the independent Stokes friction of the polyelectrolyte segments. To overcome this difficulty
they used an empirical function to describe the friction coefficient with changing polymer volume
fraction in the gel particle. Finally they concluded that the model can provide a qualitative description
of the experimental data but quantitative fitting would require further refinements. In a next paper
they also investigated the electrophoretic mobility of the same microgel particles as a function of the
ionic strength both in the swollen and the collapsed state.® They arrived to the conclusion that the
microgels behave as free-draining spherical polyelectrolytes in their swollen state and as charged hard
spheres when they are collapsed.



Hoare et al. went one step further and investigated the electrophoretic mobility of microgel particles
having identical overall charge but different internal charge distributions. Namely, they prepared
carboxylic group containing microgel particles where the charges resided at or near the microgel
surface (methacrylic acid/pNIPAm copolymer microgel) as well as microgels that incorporated more
than one third of the carboxylic groups inside the gel beads (hydrolyzed acrylamide/pNIPAm
copolymer microgels). They measured the mobility of the microgel particles in 1 mM KCl as a function
of pH.2 The most interestingly they found that in a pH range where carboxylic groups got charged in
the core of the gel particles only particle swelling occured but significant mobility change could not be
detected. At the same time when the charges are localized at the particle surface both particle swelling
and increasing electrophoretic mobility can be observed in the relevant pH range. These results imply
that only the surface charges contribute to the electrophoretic mobility of the gel particles. It should
also be mentioned that similar results were found when the binding of an ionic surfactant (sodium
dodecyl sulfate) was investigated to pNIPAm microgels. In that case the electrophoretic mobility of the
gel beads also showed changes only when the surfactant binding was going on into the loosely
crosslinked outer shell of the microgels.’® Later Hoare at al. extended their investigation to an even
wider range of microgel particles by using comonomers that accumulated in the shell of the microgels
(vinylacetic acid and acrylic acid). They investigated the electrophoretic mobility of the non-
functionalized pNIPAm and all four types of carboxylic acid functionalized microgels as a function of
ionic strength and temperature.'* Remarkably they observed non-zero plateau mobility values as a
function of increasing ionic strength even for the non-functionalized pNIPAm in the fully collapsed
state of the microgel particles. Based on these results they concluded that the pNIPAm-based microgel
particles behave as soft (draining) particles even well above their collapse temperature. Based on this
result they used Ohshima’s model to acquire morphological information about the gel particles.

As it is shown by the above summary the literature results are rather contradicting in the question if
the microgel beads behave as draining or non-draining particles during electrophoretic mobility
measurements. The main difficulty in testing these models is that as it has been highlighted by
Penfold? if suitable fitting parameters are chosen than both models can reproduce the experimental
mobility values of the microgel particles. The motivation of our work was to gain further insight how
the charges incorporated into the microgel particles contribute to the electrophoretic mobility of the
gel beads and to test if either of the draining or the surface charge model could provide a physically
consistent description of the experimental data. To achieve this goal we prepared a pool of pNIPAm-
based microgel particles with different but well-defined charge distributions: ‘uncharged’” pNIPAm
particles, ‘uniformly charged’ pNIPAm-co-10%AAc particles and core shell particles with either
uncharged pNIPAm core and charged pNIPAmM-co-10%AAc shell or charged pNIPAmM-co-10%AAc core
and ‘uncharged’ pNIPAm shell were prepared. We measured the electrophoretic mobility and
hydrodynamic size of these microgel particles as a function of temperature. Finally, instead of fitting
the mobility values using the charge density and the electrophoretic softness as free fitting
parameters, an invariant quantity, the ‘electrokinetic charge’ of the microgel particles was calculated
from experimental data and the variation of the particle softness was determined as a function of
microgel swelling. Furthermore, based on recent literature results'>'* we present scaling arguments
that imply that only the charges present in a thin draining shell of the microgel contribute actively to
the electrophoretic mobility while the inner part of the gel beads acts as a neutral hard sphere. We
show that the experimental data are in good agreement with this physical picture.



EXPERIMENTAL
Materials

N-isopropylacrylamide (NIPAm), methylene bisacrylamide (BA), ammonium persulfate (APS), and
dodecyl benzene sulfonic acid sodium salt (DBSNa) were provided by Sigma-Aldrich. N-
isopropylacrylamide was recrystallized from hexane, methylene bisacrylamide was recrystallized from
methanol and stored under nitrogen atmosphere in a freezer before use. The other chemicals were
used as received. All water used in the preparation, purification and characterization of the microgel
particles were taken from a Millipore Milli-Q Integral system purified to a resistance of 18 MQ, and
filtered through a 0.2 um filter to remove particulate matter.

Uniform microgel preparation

The polymerization was based on the free-radical, precipitation polymerization method developed by
Wau et al.** for the preparation of monodisperse pNIPAm nanogel particles. A total of 2.85 g of NIPAM
monomer, 129 mg of BA, and 46 mg of DBSNa were dissolved in 190 ml distilled water. The
temperature of the reactor was kept at 80 °C, and the solution was intensively stirred. To remove
oxygen, nitrogen gas was purged through the solution for 30 min. Then 2 ml of a 2.80 wt% aqueous
APS solution (56 mg) was added to the solution, followed by intensive stirring for 4 h. The above
protocol was also used to prepare p(NIPAM-co-AAc) copolymer latex particles but in this case, 10
mole% of the NIPAm monomer was replaced by acrylic acid (see Table 1). The pNIPAm latex was
purified from unreacted monomers and surfactant by extensive dialysis against Milli-Q water for 4
weeks giving supernatant conductivity of less than 5 uS/cm.

Preparation of core-shell microgel particles.

The core-shell copolymer particles were produced by a two-stage method described by Jones et al.’®
The synthesis of the core particles was performed as described above using only half of the monomers
in the polymerization. The shell was added to the purified core particles in a second polymerization
step. In the shell synthesis the same amount of monomers were used as in the core synthesis to gain
final products where the monomer content of the core and the shell is approximately the same.
Furthermore, the total amount of polymer segments (core plus shell) was the same as in the uniform
particles. It should be noted that both the core and the core-shell microgels were the subject to the
same purification procedure as the uniform microgels particles. However to gain a sufficiently
concentrated microgel solution to perform the shell synthesis the dialysed core particle solution was
concentrated using a VivaFlow200 ultrafiltration device.

Dynamic Light Scattering Measurements.

The dynamic light scattering measurements were performed by means of Brookhaven dynamic light
scattering equipment consisting of a BI-200SM goniometer and a BI-9000AT digital correlator. An
Omnichrome (model 543) argon-ion laser operating at 488 nm wavelength and emitting vertically
polarized light was used as the light source. The signal analyser was used in the real-time “multi-t”
mode. The time axis is logarithmically spaced over a time interval ranging from 1 ps to 0.1 s. The
correlator used 218 time channels. The pinhole was 100 um. The measurements were performed at a
90 degree scattering angle. Prior to the measurements, the nanogel samples were cleaned of dust by



filtering through a 0.8 um pore-size membrane filter. The intensity-intensity time-correlation functions
were measured and then converted to the normalized electric field autocorrelation functions by means
of the Siegert relation. The autocorrelation functions were analysed by the cumulant expansion and
CONTIN methods. All the samples proved to be almost monodisperse with a polydispersity factor
around 1.03.

Electrophoretic Mobility Measurements.

Malvern Zeta NanoZ equipment from Malvern Instruments was used to measure the electrophoretic
mobility of the pNIPAM nanogels as a function of the temperature. The instrument uses a combination
of laser Doppler velocimetry and phase analysis light scattering (PALS) in a technique called M3-PALS.*®
All measurements were done in 1 mM NaCl as background electrolyte. A total of ten runs were
conducted for each measurement. Prior to each series, the instrument was always tested with Malvern
zeta-potential transfer standard.



THEORETICAL BACKGROUND
Surface charge model of a non-draining colloid particle

According to the classical theory of electrophoretic mobility of colloid particles, the steady state
motion of charged, spherical, non-draining particles in an electric field (E) can be described by taking
into account that the electric force is balanced by the frictional force exerted on the surface of the
particle by the liquid. If the thickness of the ionic atmosphere around the particle is negligible
compared to the particle size the equality of the forces can be written as:

QuinE —6mtave=0, (1)

where Qun is sum of all charges present on the particle surface (electrokinetic charge), a is the radius
of the particle, 1 is the viscosity of the medium and v. is the particle velocity relative to the liquid

(electrophoretic velocity). Eq. 1 is the simplest approximation to the electrophoretic velocity of a
charged particle. When the ionic atmosphere around the particle is too thick it introduces a correction
to Eq. 1 called the electrophoretic retardation force. The applied field acts not only on the charges
present on the particle surface but also on the oppositely charged small ions present in the diffuse
layer. Since these ions move to the opposite direction they cause a liquid flow which slows down the
movement of the central charged particle. Taking into account the additional retardation force the
electrophoretic velocity can be expressed as:

Qun B +2E ordr (2)
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where p is the charge density in the double layer. For relatively thin double layer using the
Smoluchowski solution the electrophoretic mobility (U, =ve/E) of the particle can be expressed as
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U, = _4m71ca2 if xa>>1 (3b)

w here k" is Debey length (the thickness of the double layer).?’

Elecrophoretic mobility of draining polyelectrolytes

The electrophoretic mobility of liquid-swollen charged colloid particles has initiated several
investigations. These particle may contain charges distributed within their liquid swollen internal
structure, which can contribute to the electrophoretic mobility of the particles. Ohshima has proposed
a general theoretical framework that successfully combined the electrophoretic theories of spherical



hard particles and polyelectrolytes.* He treated the electrophoretic mobility of spherical soft particles
that have a rigid core of radius a, coated by a polyelectrolyte layer with thickness d. To describe the
frictional force acting on a particle he adopted the model of Debey and Bueche®® that is the polymer
segments were considered as resistance centres of radius a, which are uniformly distributed within
the polyelectrolyte layer at a volume number density N,. This permeable porous layer exerts an overall
frictional force (—yu) on the liquid flow (u), where yis the frictional coefficient of the polyelectrolyte
layer. The frictional coefficient is related to the generaly used drag coefficient (A1) via the expression:
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where 77is viscosity of the liquid. 27 is also called the electrophoretic softness of the particle, which is
the characteristic distance required for the flow to reduce from its value at the particle surface to the
value characteristic within a thick polyelectrolyte layer. The general mobility expression derived by
Ohshima assumes that the charge distribution of the polyelectrolyte layer has a spherical symmetry
and the electric potential is low enough, so the linearized Poisson-Boltzmann equation can be used.
Practically this means that the theory neglects any polarization effect. Several limiting cases of the
general mobility expressions have been presented from which the following cases are used in the
literature to interpret the experimental mobility data of microgel particles.

-Spherical polyelectrolyte: in the case of vanishing particle core (a — 0) the particle becomes a
spherical polyelectrolyte (a porous, permeable, charged sphere of uniformly distributed resistance
centres). The exact form of the mobility expression is determined by the charge distribution within the
particle. If it is assumed that the polyelectrolyte particle is uniformly charged the following mobility
expression can be derived:
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where b is the radius of the spherical polyelectrolyte and pyx is its uniform charge density. However, if
all charges are accumulated at the surface of the particle providing a uniform surface charge density
(opix) for the permeable particle the resulting mobility expression is:®
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-Large diameter particles with thick polyelectrolyte shell: In this case the mobility expression is based
on the observation that the potential within the polyelectrolyte layer can be approximated by the
Donnan potential if ka>>1, Aa>>1 as well as xd>>1 and Ad>>1 hold and the polyelectrolyte layer has a
uniform charge density (psix).**° The model yields the following mobility expression:
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where & is the relative permittivity of the solution, & is the permittivity of a vacuum, ¥pow is the
Donnan potential in the polyelectrolyte layer, ¥, is the potential at the boundary between the
polyelectrolyte layer and the solution and xn is the effective Debye—Hiickel parameter of the
polyelectrolyte layer that involves the contribution of the polyelectrolyte charges:
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In the above equations k is the Boltzmann constant, T is the absolute temperature, e is the elementary
charge, z is the valance of a symmetrical electrolyte present in n™ concentration in the bulk phase.

In our calculations the temperature dependence of the permittivity in was taken from Lide,* while the
data by Bingham and Jackson?! were used to calculate the temperature dependence of the viscosity.

RESULTS AND DISCUSSION

The electrophoretic mobility of microgel beads is constrained by two limiting cases. One of them is the
non-draining hard sphere limit, while the other one is the free draining limit of the gel beads. In the
free-draining limit the polymer segments present in a gel particle are regarded as independent
resistance centers of radius as distributed uniformly within the gel bead at a segment density Ns. It is
assumed that the hydrodynamic interaction of the polymer segments can be neglected, thus each
segment contributes the same Stokes resistance to the frictional coefficient (j) of the microgel bead:*

y = 6émmnasN; (7)

The free draining limit is expected to be valid while the density of the polymer segments is low within
the draining particle (high porosity). However, if the segment concentration increases hydrodynamic
interactions develop, the flow slows down within the particle and the segments in the particle core



experience smaller drag force than the ones close to the particle surface. In the non-draining limit
there is no flow through the gel bead due to the strong hydrodynamic interactions. The water present
inside the microgel particle moves together with the gel bead, thus the inner polymer segments does
not experience the drag force. This means that in this case only the surface segments contribute to the
friction coefficient. As it is implied by the above summary the level of draining through the microgel
particles has a profound effect on the drag force and thus on the electrophoretic mobility. Though,
Ohshima’s model provides a formal description of this effect with some limitation, it does not provide
any guidance on the level of hydrodynamic interactions. Thus, in literature investigations the drag
coefficient (A) is usually described in terms of the polymer chain density either by using Brinkman'’s
model,?? or empirical expressions.®?3

Before going further, we should mention here that very recently new scaling arguments have been
presented in the literature to interpret the molecular weight independence of the thermophoretic
mobility of high molecular weight polymers.>!3 It is a well-established fact that when the molecular
weight of a polymer becomes large enough its thermal diffusion coefficient becomes molecular weight
independent. This is wide-spreadly interpreted as the proof of the free-draining character of the
polymer coil during thermal diffusion. The presented model however demonstrated that with
increasing segment number the hydrodynamic interactions within the polymer coil diverge and the
polymer coil becomes non-draining in a thermophoretic experiment. It was also shown that this leads
to the experimentally observed molecular weight independence of the thermophoretic mobility. Since
in the case of an electrophoretic mobility experiment the draining characteristics of the microgels also
play an outstanding role, here we adopt the presented arguments to gain a better insight into the
effect of hydrodynamic interactions on the electrophoretic mobility of the microgel particles.

Now, let us consider a microgel particle immersed into a dilute electrolyte solution. Let us assume that
the microgel particle is built up by Ns polymer segments and each of them has the same Q; charge
compensated by monovalent mobile ions. When the microgel particle is exposed to an electric field (E)
each segment is influenced by a driving force fes= Qs*E. Since the polymer segments are connected
with each other the total driving force acting on the gel network is fe= Ns* fes. This electrophoretic
driving force causes the relative motion of the microgel particle to the liquid phase. If hydrodynamic
interactions were not present then the water molecules and the small ions present in the solution
could flow freely within the microgel particle and the microgel could move with a velocity characteristic
for the individual segments. However, the moving segments drag liquid with themselves that produces
a hydrodynamic force (fs) on each segment and small ion around them. The total hydrodynamic force
exerted by the polymer network on a small ion within the microgel particle can be expressed as follows:

[ri = 6mna (X;u;(r;)) (8)

where g; is the small ion radius, uj is the flow field around segment j, r; is the distance of segment j
from the small ion i, and <> is the average over polymer configurations.

Another force that acts on small ions is the electrophoretic driving force (fei= e*E, assuming a
monovalent ion, where e is the elementary charge). The fate of a small ion within the microgel is
determined by the ratio of the two forces. If the hydrodynamic force is much smaller than the



electrophoretic force the small ion can move freely through the gel bead. However, if the
hydrodynamic force dominates the small ion is dragged with the gel network. To judge, which scenario
could be expected within the microgel particles, we have to express the ratio of these forces. As it has
been shown if due to fes all polymer segments move with the same electrophoretic velocity (ve) the
hydrodynamic force exerted by them within the gel bead can be expressed as:'?
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where Rj is the hydrodynamic radius of the gel bead. Since a microgel is a chemically crosslinked
polymer network, it is built up by ne, pieces of sub-chains connected by the cross-links. For the sake of
simplicity we may assume that each polymer sub-chain contains N segments between two cross-
links, thus the number of polymer segments within the microgel can be written as Ns=nc»*Ns,cn, while
the volume of the microgel can be expressed as V~R,3;~nchRgch, where Rsh is the hydrodynamic
radius of a sub-chain. It should be noted that though the size of the charged sub-chain (Rs ) depends
on many factors such as its number of segments, its charge density, ionic strength and temperature,
under given conditions it has a well-defined finite value. Using the latter expression to express the
hydrodynamic radius of the microgel (R») 9.9 can be rewritten as
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Dividing this expression with the electrophoretic driving force acting on a small ion we get
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What eq. 11 reveals is that when nq, >> 1 the hydrodynamic force dominates within the microgel
particle, thus small ions and solvent molecules are dragged with the polymer network as it moves in
an electric field. In other words the microgel core is non-draining, and the flow lines are pushed out of
the particle inner core to its surface layer. At the same time if electrochemical potential gradients are
present the small ions are free to diffuse in or out of the microgel. This also means that if x’<<Rp, any
volume element within the microgel core must be electro-neutral. Combining the non-draining
character of the particle core and its electroneutrality, we can conclude that the charges present in
the microgel core do not contribute to its electrophoretic mobility.

Between the non-draining core and the external fluid always there must be a transition layer. As it has
been shown the thickness of this layer (L~A?) is inversely proportional to the square root of the
segment density within the polymer. This means that its actual magnitude is strongly affected by the
swelling of the microgel particle, which in turn depends on the cross-link density of the gel (Ns), and
the swelling of the sub-chain (Rs ) that is affected by e.g. the temperature, pH and ionic strength.
Altogether, as the particle swelling increases (the segment density decreases) the transition layer
becomes thicker and as a consequence more charge will contribute to the electrophoretic mobility of
the microgel.

To test the reliability of the above model predictions and to compare them with the predictions of the
non-draining hard sphere model and the draining polyelectrolyte model, we prepared microgel



particles with four different internal charge distribution: 1. ‘uncharged’ microgel particles (N), 2.
uniformly charged microgels (C), and core/shell microgels 3. with uncharged core and uniformly
charged shell (N-C) and 4. with uniformly charged core and uncharged shell (C-N).
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Figure 1. The hydrodynamic size of the microgel particles as a function of temperature atpH=7.0in1
mM NaCl solution. The acronyms indicate the following microgel electric structure: N - uniform
uncharged, C - uniform charged, N-C - neutral core with charged shell, C-N - charged core with neutral
shell.

In Fig. 1 the effective hydrodynamic diameter of the particles is plotted against the temperature. In
good agreement with the literature data® the uniform neutral pNIPAm particles (N) collapse in a
narrow ~5 °C temperature range starting near 32 °C. The particles shrink from 230 nm to 110 nm and
their size does not change further with increasing temperature. Also in agreement with the literature
data® the diameter of the uniformly charged microgel particles (C) is significantly larger than that of
the neutral particles due to the electrostatic interactions between the ionic carboxyl groups. At room
temperature the hydrodynamic volume of the charged gel particles is approximately an order of
magnitude larger than that of the neutral ones. Since the presence of the 10% charged monomers in
the polymer network makes the particles more hydrophilic the collapse temperature of the charged
particles increases and under the investigated conditions (pH = 7, | = 1mM) it actually shifts above the
studied temperature range.
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Figure 2. The hydrodynamic size of the core-shell microgel particles as a function of temperature at pH
= 7.0 in Milli-Q water and in 1 mM NacCl solution.

As it may also be expected the hydrodynamic size of the core-shell particles falls in between that of
the neutral and uniformly charged particles. However, it is more surprising that the hydrodynamic size
of the core/shell particles seems unaffected by the localization of the charges within the gel beads and
the swelling curves coincide for the charged core and the charged shell particles. Since this coincidence
is rather counterintuitive we repeated the measurements at pH=7 without the addition of sodium
chloride to enhance the electrostatic interaction. The results are plotted in Fig.2. and as it can be seen
in the figure the decreased ionic strength does not affect the particle swelling significantly when the
particle core is charged and the shell is uncharged (CN) but it has large effect when the core is neural
but the shell of the gel particles is charged (NC). This clearly indicates that the charges are localized
differently in the two core /shell particles. To interpret these observations we have to remember that
the crosslinker monomer builds in faster into the growing polymer chains leading to the formation of
a more crosslinked inner region and a less or non-crossliked outer regions on the pNIPAm microgel
particles when they are prepared with a classical batch polymerization.*?* As a consequence when
the ionic monomers are co-polymerized in the shell, at the end of the synthesis a barely crosslinked
charged outer shell forms. The swelling of this outer shell is highly sensitive to the changes of the ionic
strength since the charged dangling chains can extend further away from the microgel core due to the
increased electrostatic interaction at lower ionic strength resulting in a larger hydrodynamic size. At
the same time when the charged monomers are situated in the core of the microgel particles the
charged chains are surrounded with a highly crosslinked uncharged shell and a loosely crosslinked



uncharged outer shell. When the ionic strengths is decreased the less crosslinked outer chains of the
charged core may extend into the uncharged shell (if they are not chemically anchored to the inner
part of the uncharged shell due to chain transfer reactions during the synthesis) but at the same time
the outer loosely crosslinked uncharged pNIPAm chains that are responsible for the hydrodynamic size
of the particles will be insensitive to the ionic strength. Thus we can conclude that though the
hydrodynamic size of the two types of core-shell microgels arbitrarily coincide at pH=7 and 1mM ionic
strength but the lowength swelling measurements confirm the expected core/shell structure of the
prepared microgel particles.

In Fig.3 the electrophoretic mobility of the different microgel particles is plotted against the
temperature. The 'neutral’ pNIPAm particles also have an electrophoretic mobility because they have
charges originating from the initiator.® At room temperature the mobility of the uniformly charged (C)
and charged shell (N-C) microgel particles is the same with significantly higher negative value than that
of the uniform uncharged microgel (N). The mobility of the charged core — uncharged shell (C-N)
microgel is between the mobility values of the neural core — charged shell (N-C) and neutral particles.
Since the core/shell particles have practically identical size (see Fig.1), furthermore they contain similar
amount but differently localized charges, this observation implies that when the charges are localized
in the core of the gel particle they contribute to the electrophoretic mobility in a smaller extent than
the charges in the shell. The mobility increases with increasing temperature in all cases due to the
decreasing size of the particles.
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Figure 3. Electrophoretic mobility of the microgel particles as a function of temperature at pH =7.0in
1 mM Nacl solution. The acronyms indicate the following microgel electric structure: N - uniform
uncharged, C - uniform charged, N-C - neutral core with charged shell, C-N - charged core with neutral
shell.

As it has already been demonstrated in the literature, both the draining (eq.4-6) and the non-draining
(eq.3) models can be fitted to the experimental mobility data. Unfortunately, we found that in the case
of the draining models the fitting parameters (the electrokinetic charge and electrophoretic softness)
are strongly correlated, thus instead of using an ambiguous fitting procedure we tried to analyse the



data with a different approach. Since at pH=7 the carboxylic groups present in the microgel particles
are fully dissociated, the total charge of the gel particles remains constant regardless of the particle
swelling. Since eq.3 allows the unambiguous calculation of the electrokinetic charge of the microgels
from the available experimental data as a first step we determined the charge predicted by the non-
draining hard sphere model in the function of the microgel swelling and evaluated if the results are
consistent with the non-draining core / draining thin shell prediction we derived based on the scaling
analysis of the hydrodynamic interactions. To highlight the relative changes of the predicted charge,
the calculated values are normalized by the charge predicted at 50 C for each type of microgel. The
results are plotted in Fig.4.
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Figure 4. The electrokinetic charge of the microgel particles given by the non-darning hard sphere
model and normalized by the value calculated at t=50C in the function of particle swelling.

(N.Cor/C.Shell indicates the microgel prepared with uncharged core and charged shell, while
C.Core/N.Shell indicates the microgel with charged core and uncharged shell).

In the case of the ‘uncharged’ microgel particles the calculated electrokinetic charge does not show
any systematic changes with increasing microgel size. This is in good agreement with the expectation
that in this case the charges originating from the initiator tend to accumulate at the interface of the
microgel. The calculated electrokinetic charge corresponds to ~600 charged groups on the particle
surface, which is ~50% of the number of charges found by titration on similar type microgel
particles.®® However, this observation is consistent with the non-draining character of the particle,
because as we discussed before charges can be localized in the non-draining core of the microgel
without contributing to the electrophoretic mobility.

In the case of the homogenously charged microgel and the core/shell microgel with homogenously
charged shell, the hard-sphere non-draining model indicates similarly increasing surface charge with
microgel swelling. This observation is in agreement with the argument that with particle swelling the
thickness of the draining surface layer increases because such a thickening layer should result in an
increasing amount of charged groups present in the draining surface layer, thus in increasing
electrokinetic charge. At the same time the electrokinetic charge does not level off even for the most



swollen core/shell microgel, which indicates that the thickness of the draining layer is smaller than the
thickness of the outer charged layer of the core/shell microgel.

Finally we should note that the microgel particle prepared with a charged core and uncharged shell
show unique changes in their electrokinetic charge. Though these changes may seem rather peculiar
at a first sight they are actually in good agreement with our considerations. With initial swelling the
calculated electrokinetic charge slightly increases then at an intermediate size it suddenly drops to a
smaller value than the initial charge at 50 C. Finally this is followed again by a very small increase of
the electrokinetic charge. To interpret these results we have to remember that pNIPAm microgel
particles are not uniformly crosslinked but there are less crosslinked dangling chains both on the outer
surface if the charged core and on the uncharged shell. Furthermore, at high temperature the outer
uncharged shell is in a collapsed state. This allows some of the outer dandling chains of the charged
core to reach the microgel surface providing some surface charge. With decreasing temperature the
charged particle core can swell further, which can deliver more charges of charged core to the microgel
surface layer resulting in the slightly increasing electrokinetic charge. When the temperature becomes
low enough, the outer uncharged shell also swells and it swells beyond the dangling charges of the
core, which will get inside the non-draining internal part of the gel particle this way. Since the swollen
outer shell does not contain copolymerized charges the amount of charges in the draining outer shell
drops with the swelling of the uncharged shell as it is indicated by the results. With the swelling of the
uncharged shell the draining surface layer gets thicker however this results only in a minor increase of
the electrokinetic charge, presumably due to the penetration of the dangling chains of the charged
core into the uncharged shell.

As a next step we also wanted to test if the draining models could provide a physically consistent
interpretation of the experimental results. Since at pH=7 the total charge of the gel particles (Qgel)
remains constant regardless of the particle swelling, if these charges are localized at the surface of or
distributed uniformly within a draining particle, then the surface charge density (ox) or the volume
charge density (prx) can be expressed in terms of the analytical charge (Qge)) and the hydrodynamic
radius (Rn) of the particle:

_ Qgel _ 3Qgel

Ofix = _4nRﬁ or Prix = _4nR’31 (12)

This means that if the charge of the gel particle is measured the electrophoretic softness of the gel
beads can be determined using the experimental mobility and hydrodynamic size data. Unfortunately
this approach cannot be used for the core/shell particles because in that case the volume of the
swollen charged shell is unknown, thus the charge density in eq.6 cannot be estimated reliably. Thus
in the remaining part of the paper we focus on the ‘uncharged’ and the homogenously charged
microgels.

The draining models can formally provide the hydrodynamic description of the moving microgel
particles ranging from the free draining case to the non-draining limit. The latter case is represented



by a diverging drag coefficient (1-><°). It is straightforward to show that in this case eq.4 reduces to
(assuming that R, =b):

U, = %(1 + e %KRn — #) (13a)
e~ :Jll:; - 47rn(?ci‘;l)2Rh If &Ry >>1 (130)

while eq.5 reduces to:
L L if Ry >>1 (14b)

Up = — Opjy =
€ i JX 3nKkR}

Comparing eq.13b end eq.14b to eq.3b reveals that the mobility expressions provided by the non-
draining limit of the draining models are not identical with the mobility expression derived for a
charged hard sphere. Instead for a given mobility and hydrodynamic size the following relationships
hold between the electrokinetic charge values provided by the different models:

Quom = KRpQp.sp. (kRh>> 1, ARy >> 1 and 1>>k) (15)

3
Qsurf ~ - Qu.sp. (kRh >> 1, ARy >> 1 and A>>«) (16)

where Qusp. is the electrokinetic charge given by the charged hard sphere model, Qnom and Qsurare the
electrokinetic charge values given by the non-draining limit of the draining particle models for
homogenous and surface charge distribution, respectively. It is also interesting to note that Pelton et
al. have already found that the non-draining model required around 20 times less charge than the
spherical polyelectrolyte model to reproduce the experimental mobility value in the case of their
investigation.? Substituting the hydrodynamic size (200-300 nm) and the Debey-Hiickel parameter (10®
mt) they had into eq.15, the xR, value is around 20-30, which is in good agreement with the ratio they
found for Quom/QH.sp..

Taking into account that the non-draining limit represents the maximum drag for a draining particle,
the electrokinetic charge determined by eq.13 or eq.14 is the upper limit for the microgel charge a



specific model can provide at a given mobility value. As a first test we compared these upper limits to
the estimated analytical charge of the microgels. To derive the analytical charge of the microgel
particles we used potentiometric titrations to determine the charge of the ‘neutral’ and the
homogenously charged microgel particles, which were found 3.8 peq/g and 805 peq/g, respectively.
In previous investigations the microgel molar mass was found to be in the range of 2-5x10® g/mol.?®
Using these values as lower and upper limits we converted the titration results into the charge of the
individual microgel particles. The results are plotted in Fig.5a where the estimated range of particle
charge is plotted as a light blue and a light yellow band for the ‘uncharged’ and the homogenously
charged microgels, respectively.

As it is discussed in the literature the charges of the ‘uncharged’ microgel is originating from the
persulfate initiator and it tends to accumulate at the particle surface. In line with this generally
accepted view, the non-draining limit of the draining surface charge model is also plotted in Fig.5a
(blue spheres). However, as it is shown in the figure the kinetic charge predicted in this case is far
below the expected analytical charge of the particle regardless of the microgel swelling. This means
that the draining surface charge model (eq.5) cannot explain the experimental mobility data of the
‘uncharged’ microgel. However, it can be argued that only a portion of the charges are situated at the
surface of the microgel and the rest is distributed within the particle. In this case following the
arguments of Fernandez-Nieves et al.,2 the mobility of the microgel can be given as the sum of the
surface contribution (eq.5) and the core contribution (eqg.4). To test this possibility we also calculated
the non-draining limit of the homogenously charged draining particle model (blue stars), which
provided larger electrokinetic charge than the expected analytical charge. This means that by fitting
the electrophoretic softness of the microgel in eq.4 the constant electrokinitic charge of the microgel
can be maintained as the function of swelling. To test this approach we have chosen an electrokinetic
charge value in the middle of the expected range (2x107% C/particle) as the object function and fitted
the electrophoretic softness (A2) using eq.4, eq.5 and eq.12 to recover this charge in the function of
particle swelling. It should be noted that our calculation indicated that the surface charge contribution
to the overall mobility was negligible compared to the charged core contribution in this representation.
The results of the approach are plotted in Fig.5 by black stars; the electrokinetic charge used in the
fitting is shown in Fig.5a, while the fitted electrophoretic softness values are shown in Fig.5b. As it
could be expected the fitted electrophoretic softness values increase with microgel swelling and the
fitted values are in good agreement with previous results.
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Figure 5. Top panel: The electrokinetic charge of the microgels given by the non-draining limit of the
draining surface charge model (blue spheres for uncharged pNIPAm), and the non-draining limit of the
homogenously charged draining particle model (blue stars for uncharged pNIPAm and red stars for
homogenously charged pNIPAm). The electrokinetic charge used to fir the electrophoretic softness is
plotted by black stars for the uncharged pNIPAm and by green diamonds for the charged ones. The
range of microgel charge estimated from the titration is plotted as light blue and light yellow bands for
the ‘uncharged’ and the homogenously charged microgels, respectively. Bottom panel: The
electrophoretic softness fitted for the uncharged microgel (black stars) and for the homogenously
charged microgels (green diamonds).

As a next step we extended this approach to the homogenously charged microgels. As it is shown in
Fig.5a the upper limit for the microgel charge provided by the non-draining limit of the draining
homogenously charged sphere model (eq.4; red stars) is in the range where the analytical charge of
the microgel is estimated from the titration (light yellow band). Choosing the lower limit of the
estimated analytical charge of the homogenously charged microgel (green diamonds) we fitted the
electrophoretic softness of the microgels to keep the charge constant with particle swelling. The fitted
electrophoretic softness data are plotted in Fig.5b (green diamonds). Though, with increasing swelling
the softness again increases, the electrophoretic softness of the charged microgel is found much
smaller than the values fitted for the ‘uncharged’ particles. Taking into account that the charged
microgels are highly swollen in the investigated temperature range, while the ‘uncharged microgel’ is
fully collapsed at high temperatures these results seem to contradict to the physical model that the



level of draining (the electrophoretic softness) is related to the segment density within the particle. It
should also be noted that the highly swollen state of the charged microgel at the highest investigated
temperature has another implication: with further temperature increase the microgel can further
shrink and the maximum charge the model (eq.13) can predict should decrease. Since the lower limit
of the predicted analytical charge has already coincided with the upper limit of the electrokinetic
charge allowed by the model, it can be expected that at higher temperatures the model cannot predict
as much charge as it is expected from the titration data as it is shown by the red and the green lines in
Fig.5a.

CONCLUSIONS

To conclude, we presented scaling arguments to show that the hydrodynamic interactions in the core
of a microgel particle exceeds the electrophoretic driving force in low ionic strength media. As a
consequence the core of the gel particles becomes non-draining and it is expected that the counterions
of the charged network present in this non-draining core are dragged with the microgel particle and
the particle core behaves as a neutral hard core in an electrophoretic experiment. The electrophoretic
charge of the microgels is provided by a thin draining shell, whose thickness increases with particle
swelling. To challenge both the physical picture implied by the scaling arguments and the generally
applied draining models we prepared pNIPAm-based microgel particles with different internal electric
structures and measured their mobility and hydrodynamic size as a function of microgel swelling. Our
data imply that though the draining models can be used to fit the electrophoretic mobility data, the
fitted parameters does not seem physically coherent when the results gained for an ‘uncharged’ and
for a homogenously charged microgel are compared. At the same time when in line with the
predictions of the scaling arguments it is assumed that the microgels have a non-draining core and a
thin draining shell whose thickness increases with particle swelling, the experimental data are in good
agreement with the model predictions. To get a better understanding how the electrophoretic mobility
of the charged microgels vary with particle collapse it would be desirable to perform the
measurements in a wider temperature range. Unfortunately our experimental setup did not allow this.
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