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ABSTRACT:The volume phase transition of microgels is one of the most
paradigmatic examples of stimuli-responsiveness, enabling a collapse from
swollen microgel state into a densely coiled state by an external stimulus. Althou
well characterized in bulk, it remains unclear how the phase transitictedsty 2° ©

the presence of a caring interface. Here, we demonstrate that the temperature-
induced volume phase transition of pblgbpropylacrylamide) microgels, convéh-
tionally considered an intrinsic molecular property of the polymer, is in factlargely
suppressed when the microgel is adsorbed to an air/liquid interface. Wesfugther
observe a hysteresis in the core morphology and interfacial pressure between-heating
and cooling cycles. Our results, supported by molecular dynamics simulations, reveal
that the dangling polymer chains of microgel particles, spread at the interface ungenabeirsurface tension, do not

undergo any volume phase transition. The balance in free energy responsible for the volume phase transition is fundamentall
altered by interfacial carement. These results imply that important technological properties of such systems, including the
temperature-induced destabilization of emulsions, do not occur via a decrease in the interfacial coverage of the microgels.

INTRODUCTION transition from an expanded coil to a globular state in aqueous

Since the initial discovery that solid particles can stabilif&Vironments when the temperature is raised gbove the lower
emulsions by Ramsden and Pickering in'£88,behavior  critical solution temperature, in this caseC3Z ** At the

of particles at liquid interfaces continues to be an importaffitical temperature, the nonpolar groups aggregate and expel
multidisciplinary subjett On the one hand, colloidal Water from the macromolecule to increase the entropy of the
crystals at interfaces provide elegant model systems to stgygtem. Consequently, the cross-linked microgels undergo a
fundamental physical phenomena such as crystallization, phademe phase transition from a swollen to a collapsed state at
behavior, and defect structlirésOn the other hand, the the volume phase transition temperature (VPTT) of 32
control of particles at interfaces has given rise to a range °gf25283035

important technological breakthroughs such as PickeringTypically, PNiPAmM microgels are synthesized in a one-pot
emulsions with long-term stabilitythe development of reaction, which produces a cross-linking gradient from the
liquid marbles}** or particle-stabilized foahfis: center toward the periphery of the particle and results in a

In contrast to hard particles, soft microgels arecsigtly relatively sticore surrounded by loosely cross-linked dangling
deformed at liquid interfaces and form a distinct corena %hain§.6 38 At the interface. the core deforms and the

415 ; : ; - .
structuré*** Their physicochemical properties are dominate angling bonds spread out to form a corona, leading to a

more by compressibility and steric interactions betweerharacteristiC‘fried-e ¢ morphology*'5*° Small angle
extended polymer coronas compared to their incompressibﬁe 9 P gy 9

colloidal analogues and therefore show a more complex ph gytron scattering has revealed thgt this corona consists of a
behavior, both at the interfdt&° and in bulk solutiorfs. 24 evx_/—nanometer thinm of polymer vy|th a I.ow watgr content,
Microgels are cross-linked swollen polymer networks with{lich separates the cores of neighboring particles and thus
diameter in the nano- or micrometer raNG8 A prominent ~ Prevents close packffigrhe core elastically deforms under
molecular architecture of microge|s is Ndwpropwacrwa- the e ect of surface tension but remains Svﬁ(?ﬁgm\(hereas
mide) (PNiPAm), cross-linked with,N -methylenebis-
(acrylamide}® The macromolecule thus combines hydrophilicReceived: April 24, 2019
amide and hydrophobic isopropyl groups. The competitioRevised: June 30, 2019
between these groups leads to a temperature-dependenblished: July 14, 2019
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the remaining dangling chains that are not adsorbed to ttg gs] sk water | DT Droper e

interface extend into the bulk ligtiid. soofs | 120{=--20°C 0 N 1T
The ability of microgels to conform and thusiently 5501 . 100 / ‘\ —50°C

cover a liquid interface can be used to create very stal soo] " T ! \ 806

emulsion$>** “° Exploiting the stimuli-responsive properties o] i £%0] !

of the microgels enables to break such emulsions on demé =400 5,60

by changing the temperature or’pH® The rupture of such = sso] . T 4o

emulsions can be correlated with the volume phase transiti 3001 L

of the stabilizing microgéfé**° 2 Rheological studies 250 1

suggest that the microgels collapse to a smaller diameter ¢ 20 ~—~—————r—r—o T3 00 o2~ o

liquid interface, leading to a reduced interfacial coverage a T[rC) Width [um]

thus a reduced emulsion stabifity. Although this model

correlates the experimentally observed rheological propertidguré 1. Comparison between the volume phase transition of
NIPAM microgels in bulk and at the air/water interface. (a)

with the macroscopic emulsion stability, an experiment drodynamic diameteD) temperature diagram measured by
visualization to provide a microscopic picture of the microg namic light scatteririg, remains constant above the VPTT. (b)

collapse at liquid |nterfaces_|s still missing. . AFM cross sections of PNiPAm microgels dried from bulk and
Here, we correlate the interfacial behavior of PNiPAMeposited from the airiwater interface at a surface pressure of 5 mN/

microgels adsorbed at the air/water interface with an ex si,at di erent subphase temperatures. Dried from an evaporating drop

microscopic structural analysis of the microgel morphology @&t 200°C (black dashed line) and at 28 (gray dashed line).

di erent temperatures to provide a detailed picture of th#licrogels are deposited from the air/water interface°& @ight

collapse of individual microgels at interfaces. We use ble), 40°C (dark blue), 50C (yellow), 57C (orange), and 8C

Langmuir Blodgett technique to control the water subphasdred). The microgel morphology depends on the subphase temper-

temperature, monitor the surface tension, and deposit tiféure-

microgel arrays from the interface to a solid substrate. These

deposited microgel arrays are then characterized ex situ {Biyperatures at a surface pressure of 5 mN/m, expecting to
scanning electron microscopy (SEM) and atomic forcenq collapsed microgels with similar dimensions as in the bulk
microscopy (AFM). We apply temperature gradients includinghasé®? |nstead, for all temperatures above the bulk VPTT,
heating, cooling, and cycling and correlate the speed of tgs height of microgels present at the air/water interface is
Langmuir Blodgett transfer with the temperature change sQjgnjcantly lower compared to the microgels deposited from
that the temperature-dependent phase behavior of thg|k (Figure ). Interestingly, we observe a dependence of the
microgels at the interface is directly encoded in the Iaterﬁbight of the microgels, which increases from 54 nmi@t 50
position of the microgels on the solid substfateThis 15 72 nm at 8C°C, without reaching the bulk value. These
procedure allows the observation of structural changes in @Qperiments clearly indicate @dint behavior compared to
assembly of the microgel arrays as well as changes in {he collapse of microgels in bulk above the VPTT, where

morphology of individual microgels. Wd that the*fried-  5qgitional heating does not induce any further shrinking
egd or core corona shape of the microgels adsorbed at th?Figure Sp

air/water interface persists even at temperatures much abov§eating and Cooling of Microgels Adsorbed at the

the VPTT, independent of whether the subphase was heatgg\vater Interface. To investigate the morphology change

or cooled, indicating that the collapse of microgels is at leastihe microgels at the volume phase transition directly at the
partially hindered by the liquid interface. We propose @terface, we subsequently expose the adsorbed microgels to a
detailed model accounting for the strikingrdince in the radual increase or decrease in temperature. To this end, we
core and corona behavior, which we corroborate by m0|ecug’érform a slow LangmuBlodgett transfer to a solid substrate

dynamics simulations. while continuously heating or cooling the subphase, enabling
us to correlate the position of the transferred microgel layer
RESULTS with the temperature and the corresponding surface pressure at

Comparison between Bulk and Interface. We rst the interface’”® These transferred microgel layers are then
evaporate drops of dilute microgel dispersions exermdti characterized in detail using SEM and AFM techniques. Our
temperatures to investigate the impact of temperature on thgethodology assumes that the microgel layer is deposited onto
morphology of dried PNiPAmM microgels on a substrate. Whehe solid substrate without changing its conformation and
dried on a heating plate at 2@ water evaporates and the structure, which may lead to a systematical error. However, we
microgels adsorb in the collapsed state from the bulk to tHeelieve that this assumption is jestifor the following
wafer. In the dried state, they have a height of 130 nm andr@asons. First, the morphologies we observe in the AFM
width of 336 nmKigure 1blackFigure S In the microgel  images closely agree with the typical fried-egg shape revealed
dispersion droplets dried at room temperature, the microgdly the direct visualization techniques at the air/water
adsorb to the air/water interface and from there deposit ontimterface?" Second, although the drying will certainly change
the substrate after water evaporafiofihey are more the dimensions of the microgels, especially in the swollen state,

attened and spread in the dried statgufe 1 grayFigure we compare all the following data in the same state and against
SJ) with a height of 31 nm and a width of 716 nm, as expected dried sample from bulk, so that these comparisons are
from their typical deformed morphology at the inteffate. coherent in themselves. Third, in all cases, a crystalline

To investigate the ect of an interface on the volume phasehexagonal structure of the transferred monolayer is observed
transition of microgels, weast spread a hot microgel without any irregularities or lattice misorientations that would
dispersion (80C) in which individual microgels are all in be the consequence of capyll forces deforming the
the collapsed stateonto hot water surfaces with etient morphology upon drying. Finally, wal a clear derence
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Figure 2. Temperature-dependent swelling behavior of PNiPAm microgels adsorbed at the air/water interface for heating and cooling at a surfax
pressure of 0.5 mN/m. (a) Core diameter vs temperature diagram. A hysteresis between heating and cooling can be observed. (b) Average he
measured with AFM in dependence of the subphase temperature. (c) Temperature-dependent changes in interparticle distance. The distal
increases while cooling but is unaltered while heating the microgels. (d) Corona area vs temperature, extracted from AFM phase images. In b
cases, the corona area remainsuated by temperature changes. (e,f) Corresponding AFM height and phase images aC2® lzenl the

particles are heated. (g,h) Corresponding AFM height and phase images at 87 whdrRthe particles are cooled. Scale ban: 1

in the morphology of microgels dried from an interfacdo their initial state at 2Z. Overall, under these conditions,

compared to the microgels dried from a microgel dispersighe microgels do not collapse at the interface, as expected from

drop casted onto the substrate in a hot state, indicating that tilee bulk measurements.

pronounced corecorona shape can indeed be attributed to To fully explore the ect of a temperature change across

their interfacial morphologligure SIg the VPTT at the interface, we also perform the reverse
We rst investigate the thermoresponsive interfaciagxperiment byrst spreading a hot microgel dispersion (80

behavior of the PNiPAmM microgels at a low surface pressu€) onto a hot air/water interface (3Z) and subsequently

(<1 mN/m), where the surface coverage is not yet completgtting it cool to room temperatur&iqure 2 blue data

and the interfacial monolayer contains empty areas. Th®ints). Remarkably, in this case, the initial diametef@t 57

individual microgels are thus able to adapt and deform upg§ 541 nm, which is much smaller than the diameter of the

changes in temperature with a minor interference Ojarticles that are spread cold and heated to the same

neighboring particles. We spread the microgels at the amperature Higure 2). The height of the microgels is 62

water interface at 2Z and slowly heat (0.6T/min) the 1 "which is 25 nm higher compared to that of the reverse

water subphase while simultaneously performing the Langsaiing experimentigure ). Both height and diameter,
muir Blodgett transfer. If the collapse occurred similar to thg,\ever, still do not reach the values of the collapsed particles
bulk phase, with the microgels changing from a fried-egg sh osited from the bulk. During cooling, the core diameter

into a dense sphere, we would expect a decrease in parijpg eases to the same value as for the microgels added onto the

diameter visible in the SEM images combined with an increa&%d interface when the temperature decreases bel@w 32
in microgel height measured by AFM. The magnitude of thig igure ). The microgel height ets this behavior and

transformation would be comparable to the change seen jin S
Figure 1 Furthermore, the decrease in microgel size Woulgecreases from 62 nm af&7t0 32 nm at 22C, which is the

lead to a melting of the crystalline hexagonal arrangemen same value as for the microgels spread to the' cold interface.
the interface, similar to previous studies on crystal phagé® fL_|rther extracted the_ dry volume of the microgels from
transitions observed in belke: M images which remained constant at 3.6 %' m®. An

The data, presentedfiigure 2, reveal a strikingly drent increase in the interparticle distance is observed beiGw 32

behavior. The interfacial microgels only show a change in thiedure 2), clearly showing that under these conditions, the
core diameter by 7% with a decrease of 50 nm upon heatifcrogels expand at the VPTT of°82 In the AFM phase
(Figure 2, red data points). These values correspond to &ages, however, a clear cooeona structure persists
change in the cross-sectional area by a factor 1.15, whicihgoughout the experiment. Importantly, although the
much less pronounced compared to the bulk, where the cro§§llapsed core region expands upon cooling, the corona of

sectional area changes by a factor d&figure SR AFM the expanded chains is already present at high temperatures
measurements, showing only minor changes in particle heighd does not change upon temperature decrégses (@, h).
at di erent temperatures, com this behaviorHigure B). We extract the core diameter and the diameter of the core plus

Additionally, the interparticle distance does not change wittorona from the AFM height and phase images, with which we
increasing temperaturéiqure 2). The AFM phase images calculate the corona area throughout the experiRignte(

(Figure 2,f) reveal that neither core nor corona collapse andd). The corona area remains constant and does not
both remain spread out at the interface even°&,%imilar signi cantly change through the temperature range. Hence,
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we conclude that the increase in the interparticle distancedbserve any melting or reordering of the crystal lattice. This
solely caused by the expansion of the core. implies that the corona is upated by the temperature

Next, we repeat the heating and cooling experiments forimcrease, thus keeping the individual cores at a uniform
high surface pressurele mN/m), where the monolayer is distance.
fully closed and collective eets of the volume phase  Reversing the temperature ramp by applying the microgels
transition on the surface pressure can be recorded. During@a hot interface and subsequently letting the subphase cool to
the heating of microgels spread on a cold air/water interfao&om temperature again reveals notabéeetices compared
the core diameter decreases by 50Figuie 8), similar as  to the heating experiments. Both the initial core diameter and
the height of the microgels at the hot interface are markedly
distinct between the particles that ast spread at room
temperature and subsequently heated to the saahe
temperature Higure a,b): the initial core diameter is now
signi cantly lowerd = 500 nm), whereas the microgel height
at 57°C is signicantly highert(= 80 nm). After cooling, both
the diameter and height become similar to the values found for
the microgels spread at room temperatlre6@5 nm andh
= 42 nm, respectively). In all cases, the interparticle distance
does not change with temperatufgfre 8). The surface
pressuretemperature diagranfrigure 8) displays a hyste-
resis with a minimum at 32 during cooling, while remaining
constant above 3€ during heating. In summary, we observe
a hysteresis in all relevant parameters between the heating and
cooling cycles.

Temperature Cycling. Let us now investigate the
observed hysteresis in more detail via temperature cycling
experiments. First, we spread the microgels’@t 6@ol the
subphase to 22C, and subsequently perform multiple
heating cooling cyclesFigure & shows the correlation
between temperature and core diameter over time during the
cycling experiments. When the particles are initially spread to

Figure 3. Temperature-dependent swelling behavior of PNiPAn%he _hOt mtlerface, t_he|r core diameter is the smallest. Upon
microgels adsorbed at the air/water interface for heating (red curve2§0ling, this core diameter expands but never collapses to the
and cooling (blue curves). (a) Core diameter vs temperature. Aitial value in the subsequent heating cycles. Instead, the
hysteresis between heating and cooling can be observed. (b) ARMserved derence in core diameter becomes smaller with
height cross sections. (c) Temperature-dependent change é@ach heating cycle. The height of the particles during the
interparticle distance. (d) Change in surface pressure when th@mperature cycling-iure SP3 shows a similar behavior.
microgels are heated and cooled at the !nterface. The inset shows| ortantly, throughout the entire cycling experiment, we do
slope c_>f the su'rface pressure change with increasing temperaturerq observe any changes in the interparticle disfoes(
pure air/water interface. . .
4b) or a rearrangement in the monolayer structure. This
behavior implies that the expanded coronae remain in contact
above, whereas the height of the microgels increases by 19aid eectively jam the interface, thus preventing any structural
(Figure B). Noteworthily, the height piles inFigure B are reorganization even as the microgel cores change their
generally 10 nm higher than that for low surface pressurdignensions.
(Figure B), as the higher packing density causes a The evolution of surface pressure throughout the cycling
compression of the microdgélsThe interparticle distance experiment Kigure 4) shows a pronounced hysteresis
remains constant at all temperatufegi(e 8) and we donot  between therst cooling and reheating, whereas subsequent

Figure 4. Temperature cycling of microgels adsorbed at the air/water interface spré&adaft Bévelopment of temperature (gray lines) and
core diameter (black points) over time. (b) Development of temperature (gray lines) and interparticle distance (black points) over time. (c)
Surface pressuréemperature diagram for two consecutive cooling and heating cycles. A rise in surface pressure can béGdenthelow 32

rst cooling cycle. Further heating and cooling cycles show the same surface pressure development as in the second cycle.
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temperature cycles are reversible and do not recover the initta¢ Cartesiaiz-direction, centered on tle= 0 plane and
cooling behavior. As detailed below, this behavior indicatesented such that negat&eorresponds to the repulsive air
that the microgels spread in the collapsed state to the hphase and positizeo the bulk water phasgigure S The
interface are kinetically trapped in an out-of-equilibrium statattractive minimum of the external potential corresponds to
which cannot be recovered after relaxation at low temperatdhe air/water interface, thus mimicking the surface tension
and reheating. pulling on the particles-igure 4a(ii)). We nd that the
Molecular Dynamics Simulations.To further investigate ~ Microgel core at the interface remains swollen and deforms
the volume phase transition at the interface, we empldgterally. The dangling chains near the air/water interface
molecular dynamics simulations to synthesize and model thetch out to form the corona, whereas the remaining dangling
microgel particles in silico. The microgel architecture iShains extend into the bulk water phase, reproducing the
represented bynite extensiblenonlinear elastic (FENE)  pical‘fried-eggmorphology known from the experiméhts.
bonds combined with Weekhandler Andersen (WCA) Ve then increase theeetive temperature to above the VPTT
cross-linking interactiofi€* We choose a cross-linker-to- (Figure &(ii)). The adsorbed microgel core as well as the

monomer ratio of 4%, close to the experimentally studie((‘!x"’lngling chains ext_ending into t_he water subphase exhibit a
PNiPAM morphology. The thermoresponsivity of the microg llapse, but the microgel remains notably deformed at the

: : : o . nterface. Importantly, the dangling chains in the corona region
pa_lrt|_cles is achieved through an additional potential th%to not change their state and remain stretched at the interface.
mimics the solvefit. We rst reproduce the bulk volume

h transition by chanding thective temperatur This behavior reproduces our experimentdihg that the
phase lra 358 0 y changing thecave temperature — .q.,5, persists even above the VPTT. Finally, we also perform
parameter ,>° such that the net interactions between the

A . . . “the reverse numerical experiment by letting the bulk-
individual microgel monomers switch from being repws“’@quilibrated collapsed microgélsre B(i)) adsorb to the
(swollen state) to attractive (collapsed Statéfigure

) : _ - interface through the addition of the external poteniiairé
5a,b(i)), leading to a similar volume phase transition, agy(jj)). The chains in the microgel core region remain
measured experimentally Aigure S2aNext, we let the  cqjjapsed but are nevertheless sigmily deformed under the
microgels in the swollen state adsorb to the air/water interfageect of the potential mimicking the surface tension.
by introducing an external Lennard-Jones wall potential alopgdditionally, a clear corona region of dangling chains stretched
out along the interface forms upon adsorption, even though
these chains were initially collapsed into a globular structure in
the bulk. Upon reducing the eetive temperature of the
microgel at the interface, the core swells and expands, and the
dangling chains extend into the water subpliagard
5b(iii)). Together, these molecular dynamics simulations of
the microgel model reproduce the essentdihgs of the
experiments.

DISCUSSION

The microscopic investigation of the morphology of PNiPAmM
microgels at the interface atedlent temperatures, albeit
assessed indirectly via a transfer to a solid substrate, indicates
that the volume phase transition is strongigted by the
interface. In contrast to the bulk behavior, microgels at the air/
water interface show a hysteresis between heating and cooling

Figure 5.Molecular dynamics simulations of microgels synthesized @and an incomplete core collapseading to dierent

silico in bulk and adsorbed to the air/water interface before and aftdimensions at dérent temperatures, and, most importantly,

the volume phase transition, modeled using a combination of FENg.corona that remains extended at all experimentally assessed

WCA, thermoresponsive, and interfacial potentials. Red beagsmperatures. These observations contrast the existing models

correspond to the cross-linkers. The phase transition in the modgl, 4 necessitate a detailed, molecular interpretation of the role

occurs at an ective temperature ofwhich corresponds t®5°C of surface tension on the efient parts of the microgel.

in the scale of thegure. (a(i)) The microgel forms a spherical, . . . .
swollen state in the bulk, mimicking the morphology %&.20he We rst briey recapitulate that our synthesized PNiPAmM

phase transition to a collapsed state is induced by increasing fMCrogels consist of a relatively densely cross-linked core and a
e ective temperatureto 1, thus mimicking an attractive behavior of more loosely cross-linked shell with dangling polymeric chains
the monomers (b(i)). Introduction of an actal interface, described  at the outsidé>® and that they deform into a cooerona

by a one-dimensional Lennard-Jones potential to which the microggtucture at the interfate>*° At low surface pressures, such

is attracted, causes a deformation of the microgel and the formatiomafcrogels assemble into a hexagonal nonclose-packed lattice,
a core corona morphology (a(i))). Inducing the volume phasewhere they are in cororzrona contact. As corroborated
transition of the microgel at the interface (a(iii)) by changing theoy a recent neutron rmctivity study, PNiPAm microgels
monomer interaction similar to the bulk case leads to a collapse of theched at the air/water interface can be divided into three
core and dangling chains that were initially extended into thgtructural regimé‘&(i) the corona, consisting of a nanometer

subphase; yet, the corona persists. (b(ii)) Introducing theiaarti - : ; . .
interface to adsorb the microgel in the collapsed state leads toﬂHn Im of highly stretched PNiPAm chains with a low water

similar morphology with a deformed core and an extended cororfPntent; (i) the more cross-linked, fully solvated microgel
(b(iii)) Subsequent transitioning into a swollen state at the interfacg0re; and (i) dangling polymer chains extending into the bulk
shows an expansion of the core region and dangling chains extendigljition Figure @). A similar model was also proposed
into the subphase. recently for PNiIPAmM microgels adsorbed to a silicon wafer
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absence of any detectable temperature-induced collapse of the
corona region to the additional contribution of surface tension
to the free energy of the microgélg(re 6).
Temperature-Induced Change in Microgel Core Size.
We observe a change in the core diameter and height of the
microgels at the interface as the temperature changes.
However, this change in the dimensions throughout all
experiments is sigoantly lower than that expected from
the bulk behaviorFgures 13). We also attribute this
decreased volume phase transition to thenae of surface
tension at the interface. The microgel chains in the core are in
the swollen state below the VPTT and can reduce their free
energy by releasing oriented water molecules around the
hydrophobic moieti€s*® However, surface tension adds an
Figure 6.Schematic illustration of PNiPAm microgels adsorbed t@dditional term to the free energy which drives the microgel
the air/water interphase. (a) Below the VPTT, they exhibit a corongore to deform and increase its area at the interface, as has
from the expanded, dangling chains at the air/water interface, faen shown both in experiments and simuléﬁﬁ?f%?g and
swollen cross-linked core, and dangling chains extending inton‘greproduced in our simulatiorig(re 5. Thus, surface

uter phase, (0) Above the VPTT: e Sxpect both e ore aifysion at the airwater nerface_partally counteracts the
una ected. endency to collapse in the lateral direction; indeed, our results
strongly suggest that microgels adsorbed to the interface
predominantly shrink in tieedirection, making the ective
investigated by grazing incidence small-angle neutron scatféange in the microgel core diameter and height across the
ing®® In the following, we discuss thea of temperature on  VPTT much smaller than in bulkigure 6).
these three regimes at the interface individually. Hysteresis of the Volume Phase Transition.Through-
Corona Structure Persists above the VPTTIn contrast ~ Out our experiments, we observe a clearedice in behavior
to the SEM or AFM height images that cannot detect th&etween microgels that are initially spread onto a cool
corona of a microgel because of its extremely smalftheighgubphase and subsequently heated and microgels that are
the phase contrast imaging in AFM is sensitive enough &pread onto a hot subphase and exposed to the reverse
visualize the corofa.ln all phase images, we detect antemperature gradienFigures 24). From the temperature
extended corona surrounding the microgel core at theycling experiments showrfigure 4 we conclude that the
interface, regardless of the temperature or preparation of thgt cooling cycle shows an apparent irreversible behavior,
system Figure 2 h). Furthermore, the area of the corona Whereas all subsequent cycles appear reversiblersihis
remains similarly unected by the changes in temperature andcooling of microgels spread at a hot temperature leads to a
thus prevents a change in the interparticle distance in tigk erent surface pressutemperature behavioFifures 3
interfacial layer of microgels upon heating or temperatugnd4) and shows a larger height of the microgels compared to
cycling Figures 8 and4b). The persistence of the corona at the consecutive heating and cooling cylgsrés &and4),
all temperatures regardless of the system preparation is entiregrking a clear hysteresis.
reproduced by our computer simulati¢ingLfe J, similar to We attribute this hysteresis to the kinetic trapping of the
previous simulations on polymer-grafted nanopaftitkes.  microgels spread on a hot subphase, as explained below. First,
only observe a change in the microgel lattice insth@oling consider that a microgel spread in collapsed state will resist
cycle of microgels spread at a hot interface. We attribute tifigformation caused by the surface tension mectively
behavior to the expansion of the microgel core and discuss than a swollen microgel because of the aggregation of the
e ect in the context of the hysteresis between heating afydrophobic groups within the polymer that causes a higher
cooling below. We rationalize the unexpected behavior of teéastic modulus in the collapsed $taté®"* As the air/water
corona in terms of the conformation of the dangling polymesurface tension decreases with temperature, so does the
chains at the interface. These chains have a much lower watgength of its contribution to the free energy. Therefore, it
content compared to the dangling chains in the bulk subphaiseexpected that the change in dimensions (increase in height)
because the hydrophobic groups of the PNiPAm polymeipon collapse will be stronger with increasing temperature,
orient themselves toward the air phase to reduce the surfaghich is indeed found for microgels spread airedit
tension. The hydrophobic groups are therefore not surroundégimperatures above the VPTT, as showfignre 1 and
by oriented water molecules even below the VPTT. Additioragrees with the literature reports on the microgel morphology
ally, the conformation of the polymer chains at the interfaggpon spin- and dip-coating onto solid substrates.
within the corona is more stretched compared to its bulk Upon decreasing the temperature below the VPTT, swelling
conformation, as the decrease in surface tension upon tbithe microgel core will decrease the elastic modulus and thus
elongation of the polymer chains competes with the tendenayrease the deformability, leading to the observed increase in
to form a Gaussian coil conformation to maximize entropyhe core diameter and decrease in surface tefgjore (3.
This stretched nature of the corona and the low water conteAdditionally, provided there is sient space at the interface
have been cormed by neutron rectivity experiments. to expand (low surface pressaigure 2, the interparticle
Together, these ects lower the gain in free energy upondistance also increases. However, upon heating from a cold
chain collapse, which is driven by an increase in entropy upsmbphase, the swollen microgel is already expanded at the
volume reduction caused by the release of oriented waieterface. The collapse is thereforermuhto the neighboring
around the hydrophobic groups. In summary, we attribute theydrophobic groups and prevents the microgels from reaching
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the more compact conformation observed after hot spreading?TT (Figure 2 We may therefore conclude that the
which causes the observed hysteresis. interfacial coverage in our experiments remains constant.

In uence of Temperature on Interfacial Tension. To investigate whether the microgel architecture (core or
PNiPAmM microgels are known to lower the surface tension obrona) has an ect on the interfacial behavior, we repeated
water’® The e ect of temperature on interfacial tensions washe cycling experiment using linear PNiPAm chains (40 kD),
investigated for air/watér™’* and oil/watet*>° interfaces,  which serve as a mimic of the non-cross-linked, dangling chains
either by the pendant drop metfitd>®"* or on a Langmuir  of the corona. This experiment is therefore expected to isolate
trough?* The experiments revealed a minimum in the surfacthe interfacial properties of the corona from that of the cross-
tension around the VPTT of the microgéls>*%’* as well  linked and deformed microgel core. Linear PNiPAm chains
as a hysteresis between heating and cooling of an individaksely reproduced the surface pressamperature behav-
droplet;>® similar to the results of our experimehtgu(e ior of the microgels, including the hysteresis between heating
4c). To compare the behavior of microgels at oil/water anénd cooling Kigure § These results imply that the surface
air/water interfaces, we repeated the temperature gradient
experiment for oil/water interfaceSigire ). Microgels

Figure 8.Surface pressuréemperature diagram of linear PNiPAm
chains (40 kD) at the air/water interface during temperature cycles
spread at 58 (a) and 2C (b).

pressure evolution as a function of temperature does not
depend on the microgel architecture but is rather an inherent
characteristic of the PNiPAm polymer. The change in surface
tension with temperature becomeserént when water-
soluble surfactants are pre§efthis slope in the surface
tension temperature diagram is characteristic for individual
surfactants adsorbed to the air/water inteffaihough a
] . . __ detailed molecular interpretation of the temperature-depend-

Figure 7. Temperature-dependent swelling behavior of PNiPANant jnterface behavior of linear PNiPAm chains is not within

microgels adsorbed at the dodecane/water interface for heating (rgth scope of this article, the temperature-dependent surface

curves) and cooling (blue curves). (a) Core diameter vs temperatu;&wssure may be qualita’tively interpreted as a change in the

A hysteresis between heating and cooling can be observed. (b) A . . .
height cross  sections. (C)g Temperatl?re-dependent cha(née syrfactant properties of PNiPAm because of the change in the

interparticle distance. (d) Change in surface pressure when thaolecular structure upon collapse. _
microgels are heated and cooled at the interface. We observe &Ur results suggest that the hysteresis and the temperature
qualitatively similar behavior compared to microgels adsorbed at ti@pendence of the surface pressure is governed by the

air/water interfacem{gure 3. characteristic behavior of linear poly(NiPAm) chains rather
than the microgel architecture.
adsorbed at the oil/water interfadeig(ire J show a Impact on Stimuli-Responsive Emulsions.Finally, we

gualitatively similar behavior in interfacial tension andiscuss how oundings can be interpreted in the context of
morphology compared to the microgels adsorbed at the aitthe destabilization of stimuli-responsive emulsion. PNiPAmM
water interfaceF{gure 3. In earlier works, the minimum in microgels are known to stabilize oil/water emulsions which are
surface tension around the VPTT was assigned to a changestable below the VPTT and can be destabilized by heating
interfacial covage around the VPT¥? or to the  above the VPTT: °° Various explanations regarding this
aggregation of the microgels at the VPTTIn contrast to  stimuli-responsive behavior were proposed. One model
the pendant drop experiment, where the microgel adsorptiattributes the destabilization of the emulsion to the collapse
kinetics may change with temperature and thus the numberaff the interfacially adsorbed microgels into smaller spheres
microgels at the interface may change dynamicaiff? which cover less area and thus are lessne stabilizers. °°

our system keeps this numbexd as the microgels are spread Additionally, it was proposed that microgels may desorb from
at the interface and are not expected to desbhle.constant  the oil/water interface to the oil phase because of their
interparticle distance during the cycling experifigntés 3 increased hydrophobicifyy which, however, does not seem

4, and 7) supports this claim. Furthermore, the microgelto occur in all reported experimental scenariok.was also
corona at the interface does not collapse aredit suggested that microsgsels form aggregates and multilayers at the
temperatures and remains spread at the interface, thus covediitlyvater interfac&**>°® which has been experimentally
an essentially constant surface area both above and belowvisealized for the inverse case of water-in-oil emtflsions.
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Last, the destabilization of the emulsion was attributed to a EXPERIMENTAL SECTION

change in the ws_coelastlc properties of the5|?7l\7|!3PAm m|crogels§\,|icroge| Synthesis. All microgels were synthesized by

adsorbed at the interface above the VBT ~ precipitation polymerization following the literature profG¢ois.
These dierent explanations demonstrate the complexity afetailed description can be found inShgporting Information

the stimuli-responsive emulsion destabilization. Furthermore)nterfacial Characterization. We used a Langmuir trough (KSV

the mentioned studies on stimuli-responsive emulsion typicayma) setup Eigure Sp lled with ultrapure water with a thermostat

used around 1 wt % microgels in the aqueous phase, whitth control the water temperature and a custom-built water-level

depending on the swelling ratio, can correspond to up to xyuilibration device (details in thepporting Informati()mvhe_zreas

vol %. It is thus likely that the interactions of bulk microgel{'€ surface pressure, set to zero &C26 recorded by a Wilhelmy

; ; ; : late. Clean PNiPAmM microgel dispersions (details Supiperting
with the interfacially adsorbed species, for example, tI ormatiof) were diluted to 0.05 wt % and spread with a 1:1 ratio of

format|o4r115?g,l:3aggrega}tgs or multilayers, ney the stability  gihanol onto the air/water interface either in a cold, expanded state
as welf? In addition, subsequent microgel adsorption(22 °c) or in a warm, collapsed state {8) onto subphases with
upon temperature change is posSibie. di erent temperatures. Next, the trough water temperature was
In our work, we investigated “@&teal Pickering emulsion increased/decreased (0°€7min) while simultaneously depositing
where only a monolayer of microgels is present at the interfabe interfacial arrangement onto a tilted silicon wafer@®cn),
without the possibility of further microgel adsorption orwhich was Iifteq through the_gir/water interface by 0.2 mm/min. Th_is
interaction with the microgels dispersed in the aqueou'glows correlating each position (_)f tge wafer to their porrespondlng
subphase. In this highly controlled experimental scenario, {fg'Perature and deposition tifte: We characterized the

? S . ensions of the microgels ex situ using SEM (Zeiss Gemini 500)
conclude that there is no decrease in interfacial coverage By"\ry (JPK Nano Wizard, cantilever: Anfatec NSC 18). The AFM

either shrinlglng or desorption of the microgels, as previouslyages were postprocessed and analyzed using Gwyddion, whereas
suggestetl. ** Our results indicate that the collapse of thethe SEM images were analyzed using a custom-written image analysis
microgels is hindered at the interface and the corona remaiiftware (details in tt&gupporting Informatipn

una ected by the change in temperature, thus preventing aComputer Simulations. Each simulated microgel particle was
change in the arrangement or surface coverage. The absencelbfissembled in silico from 5750 monomers and 250 cross-linkers,
any desorption from the liquid interface is supported by thwhich is signtantly smaller than the experimental system. We intend
constant interparticle distance and similar morphologies of tfi¢se simulations as a coarse-grained representation of the polymer
interfacial layer throughout the temperature chBigeds 3 network to qualitatively support the essentidings of the

. . . . experiments. The dirence in the system size prevents a quantitative
4, and7). We point out that in the simulations we observe .%omparison. Both monomer and cross-linker species were represented

clear change in the morphology of the dangling chaing repyisive WCA beads with respectively two or four patches that can
extending into the subphase upon temperature ch&nge ( form one-to-one attractive bonds. After an initial equilibration, we
5). These dangling chains may provide steric stabilizatig@nverted all patcipatch bonds into FENE potentials, freezing the
below the VPTT, which might be reduced upon collapse ontmpology of our microgel partfdle(details in theSupporting

the microgel core above the VPTT. Information. The thermoresponsivity was implemented through an
additional potenti@l that mimics the solvent. Changing iecéve
CONCLUSIONS temperature allows us to switch from the swollen to the collapsed

. . state. The air/water interface was modeled as an external one-

In summary, we have investigated thet®f temperature on  gimensional Lennard-Jones wall potential, with the repulsive short
the interfacial behavior of PNiPAmM mlcrogels adsorbed at t}ﬂﬁjge corresponding to the air subphase and the minimumaying at
air/water interface and compared the volume phase transitionWe used a depth of the energy well diTLd&nd a width of the
behavior to bulk microgel suspensions. attractive minimum in the order of one monomer unit. These values

We nd that the typicéfried-eggor core corona shape of ~showed the closest agreement with the experimentally observed fried-
the microgels adsorbed to the air/water interface persists ev&t¥ morphology. All molecular dynamics simulations were performed
above the VPTT, independently on the subphase temperatufe2 canonical ensemble (details inStheporting Informatin
The presence of a corona even above the VPTT preserves the
hexagonal arrangement of the microgels and prevents ASSOCIATED CONTENT
structural rearrangements. Furthermore, the amma *  Supporting Information

shape hinders the collapse of the microgel core at leaghe Supporting Information is available free of charge on the

partially, leading to smaller changes in microgel height andcs Ppublications websiat DOI: 10.1021/acs.lang-
diameter compared to the microgels deposited from bulk. Wgyir.9b01208

reproduce these experimentatiings by coarse-grained ) ) o )
molecular dynamics simulations, revealing a coooea Expenmenta! detalls_and characterlzatlon of the micro-
morphology that is preserved upon changes in temperature.  9€ls, simulation details, and experimental $&p (

We further nd that the hysteresis in surface pressure
between heating and cooling is independent of the microgel A THOR INFORMATION
architecture, cormed by the fact that both cross-linked and i
linear polyNiPAm chains show similar hysteresis patterns. \W@rresponding Author
attribute “this hysteresis to kinetic trapping during the E-mail:nicolas.vogel@fau.de
spreading above the VPTT. Once equilibrated below theRCID
VPTT, the eect of heating and cooling is reversible. OurNjcolas Vogebnoo-0002-9831-6905
results demonstrate how the presence of an interface strong| Ihor Contributions
a ects the thermodynamics of such stimuli-responsive microgg . .
particles, which may als@et more applied aspects of such 3-H- @nd M.R. contributed equally to this paper.
systems, such as the stability and the temperature-indudgetes
destabilization of emulsions. The authors declare no competingncial interest.
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