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The heptane-water interfacial tension exhibits a minimum in the presence of PNIPAM 

microgels, particularly in the vicinity of volume phase transition temperature (VPTT) of 

PNIPAM microgels. The origin of such interfacial tension minima contributes to the microgel 

spreading at the oil-water interface at the early states, and then governs by the microgels 

packing and interactions at the final static equilibrium states. 
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Abstract 

Understanding interfacial properties of soft poly(N-isopropylacrylamide) (PNIPAM) microgels covered 

oil-water interface is essential for engineering stimuli-responsive emulsions stabilized by soft microgel 

particles. This paper presents a systematic study on the interfacial properties of the PNIPAM microgels 

laden heptane-water interface as a function of temperature. We measured the interfacial tensions as well 

as dilatational rheology properties of microgels laden heptane-water interface using a pendant drop 

tensiometer. From fresh droplet experiments, anomalous interfacial tension minima of the microgels 

covered oil-water interface are observed in the vicinity of volume phase transition temperature (VPTT) of 

PNIPAM microgels. Such interfacial tension minima are observable regardless of microgels aggregates. 

Both dynamic and static parameters contributed to the observed interfacial tension minima around VPTT. 

PNIPAM microgel deformability dynamically dominated the microgel spreading at the heptane-water 

interface at the early states, while PNIPAM microgels packing and interactions dominated the final static 

equilibrium states. Combined the interfacial tensions and the dilatational rheology properties, we propose 

microgels would approach three distinctive states at temperatures below, around, and above VPTT at the 

heptane-water interface. Single droplet experiments further demonstrate that there exists an irreversible 

transition among these three states. The revealed results in this paper deepen our understanding of soft, 

porous, and deformable microgels’ behaviors at the oil-water interface, and have important implications 

for engineering microgels as stimuli-responsive emulsion stabilizers. 
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Introduction 

Emulsions with controllable stability are highly desirable in many industrial processes, as breaking 

normal emulsions is difficult and costly, and also produces large amount of unwanted waste.
1
 Low 

molecular weight switchable surfactants have received tremendous attention, but the recycling is difficult, 

greatly limiting their wide applications.
1
 Stabilizers based on larger colloidal particles are thus more 

promising.
2-6

 Among them, poly(N-isopropylacrylamide) (PNIPAM) based microgels, which exhibit a 

well-known volume phase transition temperature (VPTT) at around 32℃,
7-11

 have received significant 

attention in the past few years. They are surface-active, arrange around droplets, and make highly stable 

emulsions. More importantly, the responsiveness of microgels offer the possibility to get stimuli-sensitive 

emulsions for which the particle interactions at the interface may be tuned in situ and consequently the 

emulsion can be broken on demand by changing the external parameters, such as the temperature and the 

pH value.
12, 13

 These peculiar properties brought some interesting applications, for example, in 

biocatalysis.
2-6, 14-30

 Nevertheless, the origin of emulsion responsiveness was obscure, mainly because the 

mechanism of emulsion stabilization and destabilization by microgels were not understood and thus 

needed further investigations.
31-33

  

By incorporation of ionic co-monomer, such as methacrylic acid (MAA) into PNIPAM microgels, one 

of our groups has systematically studied the effect of solution pH on PNIPAM-co-MAA microgel layers 

at the oil-water interface.
3-5, 14, 27, 28, 32, 34

 First, it was observed that the heptane-water interfacial tension in 

the presence of microgels at pH 3 was lower than that at pH 9, indicating that microgels are surface-active 

even at the neutral state. Second, via Cryo-SEM, the heptane-water interface was found to be densely 

covered with microgels at pH 3 to form crystal-like structures; whereas at pH 9, loosely packed microgels 

layers with linkages and clusters were presented.
4
 However, the emulsions at pH 9 were more stable than 

that at pH 3. To explain such counterintuitive packing-emulsion stability relationship, it was suggested 

that the interfacial visco-elastic properties of the microgel layers played a dominant role in determining 

the stability of microgel-stabilized emulsions.
5
  

On the other hand, regarding to the effect of temperature on PNIPAM microgel layers at the oil-water 

interface, two different PNIPAM-based microgels systems have been investigated. Using pure PNIPAM 

microgels, Destribats et al. reported that the initially spherical microgels adopted a “fried egg-like” 

structure when adsorbed at the oil-water interface and that the interfacial deformation was greatly 

increased as the crosslink densities decreased.
19

 Once the crosslink density or the temperature was 

increased, the deformability of microgels was lost, and the stabilization efficiency was considerably 

reduced. Therefore, the authors correlated the microgel deformability to the emulsions stability. However, 

it is important to note that less attention has been paid to the temperature triggered interfacial properties 

of microgel covered interfaces.
35

 After copolymerizing dimethylaminoehtylmethacrylate (DMAEMA) to 
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PNIPAM microgels and used them to stabilize the emulsions, Monteux et al. observed an interfacial 

tension minimum around the VPTT of PNIPAM microgels at the n-dodecane-water interface.
35

 They also 

noticed that the emulsion droplets started coalescence around the same temperature range. They argued 

that the formation of more compact microgel layers or an increase in the number of adsorbed microgel at 

the interface led to the decrease of interfacial tensions when the temperature was first slightly increased. 

However, as the temperature was further increased above VPTT, microgels could form loosely packed 

heterogeneous hydrophobic aggregates/precipitates at the n-dodecane-water interface due to the poor bulk 

solvent conditions. These aggregates/precipitates eventually resulted in the formation of unprotected 

contacts (holes) between droplets. The combination of these two effects (increased number of adsorbed 

microgel at temperature below VPTT and aggregates/precipitates above VPTT) likely induced the 

breaking of the water film to separate droplets and hence emulsion droplets started coalescence and 

ultimately phase separation. To support their argument, they showed the formation of microgel tablets at 

the n-dodecane-water interface when the temperature was risen to 45	℃. Besides, they mentioned that 

such microgel tablets were also observable at the surface of aqueous microgel solutions.
35

 Note that using 

pure PNIPAM microgels (without using DMAEMA commoners in the synthesis), they also observed the 

interfacial tension minimum around VPTT. Therefore, whether the existence of the incorporated 

DMAEMA is necessity or not, as well as the origin of the observed interfacial tension minimum, needs to 

be further explored. 

In this paper, we present a systematic study on the interfacial properties of the heptane-water interface 

covered with pure PNIPAM microgels using a pendant drop tensiometer.
21

 Specifically, we measured the 

interfacial tensions and dilatational rheology properties as a function of temperature by both fresh and 

single droplet approaches.
36-39

 Anomalous interfacial tension minima of the microgel covered heptane-

water interface in the vicinity of VPTT were always found, with fresh droplets method. Our results 

suggested that the formation of these interfacial tension minima could be ascribed to the deformability 

and the packing as well as the interactions of these microgels at the oil-water interface. Based on these 

results, we propose that microgels would approach three distinctive states at temperatures below, around, 

and above VPTT, respectively. Single droplet experiments further reveal that there exists an irreversible 

transition among these three states with microgels laden at the heptane-water interface. The revealed 

results have important implications for engineering microgels as stimuli-responsive emulsion stabilizers. 

 

Materials and Methods 

Materials: N-isopropylacrylamide (NIPAM, Sigma) was recrystallized from a toluene/n-hexane mixture. 

N, N'-methylenebis-(acrylamide) (BA or BIS, Fluka), potassium persulfate (KPS, Merck), and heptane 
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(Sigma) were used as received without any purification. The fluorescent dye 

methacryloxyethylthiocarbamoyl rhodamine B (MRB, Polysciences, Inc.) was used as received. 

Deionized water was used in all experiments. 

Microgels Preparations: To simplify our study, pure PNIPAM microgels (no functional comonomers 

were added in the synthesis) with crosslink density of 3.2% BA were prepared and employed for the 

pendant drop experiments.
7, 8, 10, 21

 Typically, NIPAM (4.50 g), BA (0.15 g), and the fluorescent dye, MRB 

0.005 g, were dissolved into 500 mL of deionized water in a 1000 mL three-neck reactor fitted with 

nitrogen bubbling inlet and outlet, and a reflux condenser and tirred with a mechanical stir. After stirring 

the solution for 40 min at 70 °C under nitrogen bubbling, the polymerization was initiated by adding of 

potassium persulfate (K2S2O8, KPS) dissolved in 10 mL of deionized water. The reaction was kept at 70 

°C for 7 hours and then cooled to room temperature. After that, the dispersion was passed through glass 

wool to get rid of large aggregates and further purified by five times centrifugation at 10000 g. 

Microgels Characterizations: The synthesized 3.2%BA microgels were characterized with various 

techniques. First, the size of the synthesized microgels was measured by laser light scattering (LLS) and 

one typical size distribution of the microgel sample is shown in Fig. S1. The apparatus used for LLS 

measurements was a modified commercial light-scattering spectrometer equipped with an ALV-5000 

multi-τ digital time correlator and a He-Ne laser (output power =22 mW at λ0 = 632nm). In dynamic laser 

light scattering (DLS), the intensity-intensity time correlation function G
(2)

(τ) in the self-beating mode 

was measured in the scattering angle range 17.5
o
 -150

o
. The Laplace inversion of G

(2)
(τ) can lead to a line-

width distribution G(Г), which can be further converted to a translational diffusive coefficient distribution 

G(D) by Г= Dq
2
 or a hydrodynamic radius distribution f(Rh) by use of the Stokes-Einstein equation, Rh = 

kBT / (6πηD), where η, kB, and T are the solvent viscosity, the Boltzmann constant, and the absolute 

temperature, respectively.
40

 The electrophoretic mobility �� of the 3.2%BA microgels was measured 

using a Zeta-potential analyzer (Zeta-Plus, Brookhaven). Six measurements were done to obtain the 

average result, �� was	−1.21 ± 0.01 × 10�
	��������	at 10 mM NaCl and 298 K. Consider that 

microgels diameter around 500 nm and that the Debye length 10 nm at 10 mM NaCl solution, the thin 

double layer can be applied and the correspondence Zeta-potential is	−15.53 ± 1.47 mV.
41

 This low 

value indicates that these pure PNIPAM microgels are slightly negatively charged, originating from the 

residual sulfate groups by initiator KPS. We also measured that the microgels electrophoretic mobility �� 

in 1 mM NaCl was −0.21 ± 0.04 × 10�
	�������� at 298 K and	−2.05 ± 0.61 × 10�
	�������� at 

314 K, respectively. Transmission Electron Microscopy (TEM) was also applied to characterize the 

microgels. For TEM observation, one drop of the diluted microgels (10�� g/mL) was first placed on the 

copper grid, dried at room temperature for 24 h and then imaged with FEI CM120 at 120 kV. Typical 

TEM result was shown in Fig. S2, the dried microgels had average diameter around 300 nm, and they 
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were very uniform. 

Pendant Drop Tensiometer for Studying Microgels at the Oil-Water Interface: The principle of the 

pendant drop tensiometer is detailed elsewhere,
42-45

 and can also be found in Drop Shape Analysis (DSA) 

for DSA 100, User manual V1.9-03. The key for DSA is that the instrument record one single droplet 

image, which is then fitted with theoretical curves to obtain the best fitting interfacial tension. DSA is 

carried out on a DSA100 (Krüss GmbH, Hamburg, Germany) equipped with a pendant drop module. The 

image analysis is done with the help of the Drop Shape Analysis program (Version 1.01) supplied by the 

manufacturer. Droplet volume V, droplet interfacial area A, and interfacial tension γ can be calculated, 

usually with the highest rate possible (approximately 1 reading/ 1 s). The choice of oil has a large 

influence on the microgel-stabilized emulsions.
12, 18, 27

 Here, the heptane-water interface is chosen as a 

model system due to the following two advantages: first, most of the previous reports focused on the 

heptane-water emulsions system so that the obtained results can be compared with those previous 

measurements; second, heptane-water interface is rather simple in comparison with other oil-water 

interface, such as octanol-water interface. The interfacial tension of pure heptane-water interface is 

about	51 × 10��N/m, while for octanol-water, the value is about	8.5 × 10��N/m. Moreover, heptane 

has lower solubility (3 × 10��g/g) in water compared with octanol (2.3 × 10��g/g). Therefore, all the 

investigation of microgel interfacial behaviors would be carried out at the heptane-water interface in the 

presence of microgels. The density difference between water and heptane is 0.314 g/ml. For dilute 

microgels solutions, the density has been increased only a little, thus the density difference between water 

and heptane is still applied. Fig. S3 shows one typically created pendant droplet for the investigation of 

the PNIPAM microgels interfacial adsorption behaviors at the heptane-water interface at 294 K. After 

formation, the shape of this droplet evolves as PNIPAM microgels adsorb to the interface. Normally, the 

droplets were left for two hours to reach the equilibrium. Afterwards, the microgels covered heptane-

water interfacial dilatation rheology experiments were further carried out with an ODM-Module for the 

DSA100 (Krüss GmbH, Hamburg, Germany). The volume and the area of the droplet as well were varied 

by applying a voltage to the piezo-driven membrane. The voltage was varied with a fixed frequency at 0.1 

Hz and the deformation amplitude (range from 10 to 30% refereed to the maximum voltage) for each 

measurement. A video of the oscillating drop was analyzed with the help of the software package 

supplied by the manufacture (Drop shape analyzer). To guaranty a stable temperature, the cuvette was 

placed in a chamber and the temperature was controlled with an external cryostat. The temperature can be 

controlled within	±0.1	 . 
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Results and discussion 

Fresh microgel droplets were created at various temperatures and hung in heptane; pendant drop 

tensiometer recorded the dynamic interfacial tensions (Fig. S3).
21, 44, 46-49

 Fig. 1 shows the temperature 

dependence of the heptane-water dynamic interfacial tensions when the interface is gradually covered by 

microgels (microgel concentration was fixed at	5 × 10��g/mL). At the same time, the dynamic 

interfacial tension,	#$, decreases when the temperature increases from 286 to 308 K, but further increase 

of temperature leads to increased #$. It seems that #$ has a minimum value at 308.1 K compared with #$ 

at other temperatures. Fig. 2 shows the corresponding temperature dependence of the meso-equilibrium 

interfacial tension (#%) at the heptane-water interface after 6000 seconds. Similar to Monteux’s report,
35

 

#% decreases with the increasing temperature until a minimum value is reached at 308.1 K, close to VPTT 

of the PNIPAM microgels. #% increases when the temperature is further increased above VPTT. 

 

Fig. 1 The dynamic interfacial tension #$ of the heptane-water interface in the presence of PNIPAM 

microgels at various temperatures. 

 

To have a clear view of the #$ as a function of temperature and time, three-dimensional (3D) plot 

related to the	#$, time, and temperature was created and shown in Fig. 3. Obviously, an interfacial tension 

minimum is observed at 308.1 K. In our recent study,
21

 we had correlated the heptane-water interfacial 

tensions with microgel adsorption behaviours via the surface pressures, and this correlation can be 

described in Eq. (1).
47

 

	П$ ' #( − #$ ' Γ$*+																																																																																												,1- 

where Γ$ is the interfacial PNIPAM microgels concentration, 	П$ is the surface pressure, and #(	is the pure 

heptane-water interfacial tension. Thus, the observed interfacial tension minimum could reflect the 

differences in PNIPAM microgels dynamic adsorption behaviours at the heptane-water interface at varied 
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temperatures.
21, 50-53

 

 

Fig. 2 The meso-equilibrium interfacial tension, #% of the heptane-water interface in the presence of 

PNIPAM microgels at various temperatures. 

 

 

Fig. 3. #$-time-temperature three dimensional plots of the heptane-water interface in the presence of 

PNIPAM microgels. Note that a minimum can be observed at temperature around VPTT (308.1 K). 

 

The heptane-water #$ was also investigated in the presence of PNIPAM microgels dispersed in 

various NaCl solutions so as to test the salt effect on microgel adsorption behaviors at the heptane-water 

interface. To ensure that sufficient amount of microgels were in the bulk phase and exclude the effect 

from diffusion-determined process, all these measurements were carried out at relatively high microgel 

concentration (i.e.,5 × 10��	./�/) with various NaCl concentrations.
21

 At 298 K, the presence of NaCl 

Page 9 of 24 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



9 

 

exerted little influence on microgel adsorption behavior. As shown in Fig. S4, #$ collapsed into one 

similar curve with nearly constant #% (~14	mN/m) either in the presence or absence of NaCl (Fig. S5 

shows	#% at various salt concentrations) at 298 K. Fig. S6 shows the heptane-water #$ in the presence of 

PNIPAM microgels dispersed in 0.5 mM NaCl at varied temperatures. Similar to microgel behavior in 

pure water, the minimum of #$ 	is found at 304 K. A three-dimensional plot regarding to	#$, time, and 

temperature clearly showed that the interfacial tension at 304 K always had a minimum (Fig. S7). Similar 

results were also obtained in the presence of 2.75 mM NaCl at various temperatures (Fig. S8). 

Different adsorption behaviours were observed by dispersing PNIPAM microgels in 10 mM NaCl 

solution, as shown in Fig. S9. At temperature below VPTT, the heptane-water #$ had a similar behavior to 

that in pure water and in 0.5 or 2.75 mM NaCl solutions. The initial interfacial tensions decrease with 

increasing temperature and a minimum curve is observed at 305.1 K. However, distinct behaviors were 

obtained at temperature above VPTT. Specifically, at 307, 310.9 and 317.5 K, #$ rapidly decreased and 

directly fell into the meso-equilibrium regime, as shown in Fig. S9. Note that at low NaCl concentrations 

or pure water and above VPTT, #$ usually first undergoes a long induction period and then decreases 

gradually, as shown in Figs. 1 and S6. 

As crosslinker BA reacts faster than NIPAM monomer, most of the BA might locate at the core, and 

thus PNIPAM microgel commonly adopted a core-corona structure.
9, 10, 54, 55

 At temperature below VPTT, 

these microgels can be viewed as polymeric networks as highly crosslinked cores and less crosslinked 

corona with dangling chains. These PNIPAM microgels are stabilized via steric repulsion with these 

periphery dangling chains.
9
 At temperature above VPTT, PNIPAM microgel is also stable. Mostly, 

microgel is stabilized with effective negative charges, originating from the sulphate groups of KPS 

initiators (see Zeta potential measurements in materials and methods).
56, 57

 However, its stability could be 

easily destroyed by tuning the experimental conditions. For example, introduction of salt could 

significantly screen the electrostatic repulsions, leading to the microgel aggregation at high 

temperatures.
58

 Fig. S10 shows that for 3.2%BA microgels, aggregation occurs at the heptane-water 

interface at 10 mM NaCl solution at temperature above VPTT (50	℃). Besides, we also found that these 

microgels aggregated at the water-air interface when they were dispersed in 10 mM NaCl solution, as 

shown in Fig. S11. All these aggregates (both at the heptane-water interface and water-air interface) were 

still found even the temperature was cooled down and after stayed at room temperature for 24 hours, 

indicating that the aggregation of microgels is irreversible. In other experimental conditions with lower 

NaCl concentrations, 3.2%BA PNIPAM microgels were always stable and did not aggregate. Therefore, 

the observed dynamic interfacial tension differences at 10 mM NaCl at temperature above VPTT (see Fig. 

S9) can be ascribed to these PNIPAM microgel aggregates. At 10 mM NaCl and at temperature above 

VPTT, microgels form larger aggregates. Because of these aggregates’ larger size, the gravity force 

Page 10 of 24Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



10 

 

cannot be neglected. Driven by the gravity force, these aggregates adsorb onto the heptane-water interface 

faster compared to that of individual microgel, shortening the induction and rapid fall regimes, as shown 

in Fig. S9. Whereas, in the cases at lower NaCl concentrations (0, 0.5, and 2.75 mM), microgels did not 

aggregate, and the gravity force of individual microgel can be negligible. 

Though the observed differences existed when 3.2%BA PNIPAM microgels were dispersed in 10 mM 

NaCl solution above VPTT, #$ still exhibited a minimum around VPTT, as shown in Fig. S9. To 

summarize, the minimum value of #% is always observed at various salt concentrations, as shown in Fig. 

4. This phenomenon may not be well explained by PNIPAM microgels aggregates, which only affect the 

microgel adsorption dynamics at the heptane-water interface. 

 

Fig. 4 The summary of temperature dependence of #% of the heptane-water interface in the presence of 

various NaCl concentrations. 

 

From the above results and discussion, the interpretations given by Monteux et al. for explaining the 

temperature dependence on interfacial tension in the presence of PNIPAM microgels may need to be re-

examined. The main reason is that microgel used in their study may lose the colloidal stability in the 

designed experiments. The used microgels were polymerized at pH 4 with cationic initiators V50 and 

comonomer, DMAEMA.
35

 The resultant microgel is expected to be stable at high temperature (above 

VPTT) in the polymerization conditions. After purification, residue poly-DMAEMA chains were 

removed, which were confirmed by the NMR results. But during the interfacial tension measurements, 

they changed the microgel solution pH to 9. At pH 9 and high temperature, these microgels become 

unstable, and then aggregate. This could be the reason why tablets were observed at the surface of 

microgel solutions as well as at the n-dodecane-water interface. However, the formation of microgel 

tablet cannot well explain the decrease of interfacial tension when temperature approaches VPTT. The 
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condition of our PNIPAM microgels dispersed in 10 mM NaCl solution is similar to their investigations at 

pH 9 and high temperature. Hence, the formation of microgel tablets at the n-dodecane-water interface 

cannot satisfactorily explain why the interfacial minimum is formed in the vicinity of PNIPAM microgel 

VPTT. 

Fig. 5 shows that the size of the microgels holds constant at temperature above 310 K and that 

3.2%BA microgels had a VPTT around 305 K, in good agreement with previous reports.
9, 10

 Hence, the 

effective microgel volume fraction holds constant. Note that Rh of microgels decreases from 220 to 

around 86 nm when the temperature increases from 290 to 310 K, indicating that the effective microgel 

volume fraction decreases with increasing temperature.
9, 10

 Therefore, the observed interfacial tension 

minimum shown in Fig. 3 cannot be attributed to the PNIPAM microgel collapse upon heating, or the 

decreased volume fraction of microgel. 

 

Fig. 5. Typical collapse and swell processes of 3.2%BA PNIPAM microgels under the heating and cooling 

processes in deionized water. 

 

To account for the observed interfacial tension minima around VPTT, PNIPAM microgels adsorption 

dynamics should be first taken into consideration, because the interfacial tension minimum formed from 

the beginning and retained in the whole measuring periods, as shown in Fig. 3. In our recent study, we 

came to the conclusion that PNIPAM microgels adsorption onto the heptane-water interface was 

dominated by two steps.
21

 Microgels first diffused from aqueous phase to the heptane-water interface, and 

this diffusion process was mainly governed by microgel concentration. After arrival at the heptane-water 

interface, microgels deformed and spread at the interface, and this dynamic spreading process was mainly 

dominated by microgels’ deformability.
21, 59, 60

 It is worthy pointing out that all of our measurements were 

carried out at a microgel concentration of		5 × 10��g/mL. We have shown that at this concentration with 
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temperature of 317 K, diffusion had limited influence on microgels adsorption behaviours to the heptane-

water interface. Presumably, it could be related to the microgels’ deformability dominated spreading 

process at the heptane-water interface, especially at the initial state.
21, 59

 

Recent AFM measurements have shown that the Young’s modulus (E) of PNIPAM microgel exhibited 

a minimum value around VPTT. The fully collapsed single microgel (E = 123 kPa) was about ten times 

stiffer than a fully swollen one (E = 13 kPa). More importantly, a dramatic softening of the microgel was 

found near the transition temperature at about 310 K (E = 3 kPa).
61

 The observed smallest value of E was 

considered originating from the softening of microgel’s bulk modulus (K). The value of K was determined 

via measuring the volume deformation of the microgel as a function of osmotic pressure using dextran 

solutions.
62

 Using a capillary micromechanics approach, it further showed that PNIPAM microgel’s 

compressive modulus first decreased with increasing temperature, reached a minimum around VPTT, and 

then increased with increasing temperature above VPTT, exhibiting a dip in the Poisson ratio close to 

VPTT.
63

 And the softening transition behaviors of PNIPAM microgels had been qualitative captured with 

Flory-Rehner theory, similar to PNIPAM bulk gels.
64

  

 

Fig. 6. A), γ1 of the heptane-water interface at various temperatures; B), П1 of the heptane-water interface 

at various temperatures. 

 

Fig. 6A shows that the initial heptane-water interfacial tension (#1), in the presence of sufficient 

PNIPAM microgels, has a minimum around VPTT (308.1 K). Note that the data in Fig. 6 is extracted 

from Fig. 1. The corresponding initial surface pressure (П1) exhibits a maximum at the same temperature 

(Fig. 6B). According to Eq. (1), the observed surface pressure maximum indicates that interfacial 

coverage by microgels reaches a maximum value around VPTT. The softening effect of microgels might 

provide the clue for explaining the observed interfacial tension minimum at the initial state.
21, 59, 63

 At 

temperature below VPTT, due to the high deformability and typical core-corona structures with dangling 

chains of PNIPAM microgels, spreading can easily proceed. However, at temperature above VPTT, the 

collapsed microgels undergo relatively slow spreading process at the heptane-water interface so that the 

A B 
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interfacial tension decreases slowly at high temperatures.
21, 59

 

The above results and discussions shed light on why an interfacial tension minimum forms at the 

initial state. However, the microgel deformability cannot fully explain why the minimum retains in the 

whole measuring periods, as shown in Fig. 3. Fig. 6A shows that at temperatures below VPTT, all the 

initial interfacial tensions directly decline to around 20	mN/m, indicating that the spreading of PNIPAM 

microgel is very fast below VPTT. According to previous Cryo-SEM results that 75% PNIPAM microgel 

interfacial coverage corresponds to	γ ' 15	mN/m and	П ' 36	mN/m at the heptane-water interface, all 

these initial interfacial coverage exceeds 56%.
4, 19

 At such high microgel interfacial coverage, extra 

microgels cannot freely adsorb to the densely packed interface.
21, 60

 The initial adsorbed microgels might 

be forced to rearrange themselves to provide enough space for new microgel adsorption. Such processes 

undergo in a very slow rate, as shown in Fig. 1, and they are not only controlled by microgels 

deformability but also by the interactions between adsorbed microgels as well as these microgels and the 

novel adsorbed microgels (the packing of microgels at the interface).
65-68

 At temperatures above VPTT, 

the deformability controlled spreading process proceed quite slow: at low microgel interfacial coverage, 

microgel can freely spread at the heptane-water interface; at high microgel interfacial coverage, similar to 

the case at temperatures below VPTT, the interactions between microgels would also exert large influence 

on new microgel adsorption to the heptane-water interface. And the interactions among microgels are 

different at temperatures below and above VPTT.
65, 67, 68

  

 

Fig. 7. П%	of the heptane-water interface at varied temperatures. 

 

Due to the slow rearrangement process, it would take extremely long time for these adsorption 

processes to approach, if they can, their static equilibrium states.
21, 47

 After microgels adsorbed to the 

heptane-water interface for around 6000 seconds, all #$ curves enter the meso-equilibrium regimes and 
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the interfacial tension minimum is still observable, as shown in Fig. 3. Fig. 7 shows the corresponding 

temperature dependence of meso-equilibrium surface pressures (П%) at the heptane-water interface. 

According to Eq. (1), Fig. 7 is identical to Fig. 2. All surface pressures exceed 35	mN/m, indicating that 

all these microgels interfacial coverage surpass 72%. A surface pressure maximum is also observed. Thus, 

below the maximum point, one specific surface pressure would correspond to two states, above and below 

VPTT, respectively.  

To differentiate these two states at the same surface pressure, dilatational rheology is applied for the 

characterization of the microgels covered interfaces. The principles of the dilatational rheology are 

detailed elsewhere.
46, 69

 Fig. 8 shows the complex modulus (2∗) of the microgels covered heptane-water 

interface measured at various temperatures. All these measurements were carried out at frequency 0.1 Hz, 

and the deformations varied from 10% to 30%. Clearly, a complex modulus (2∗) minimum was observed 

at 308.1 K. 

 

Fig. 8. Complex modulus (2∗) of the PNIPAM microgels covered heptane-water interface at varied 

temperatures. 

 

Complex modulus E
*
 is a complex parameter, and can be divided into two parts: the real (the elastic 

modulus E′) and the imaginary part (the loss modulus E″).
46, 69

 

2∗ ' 24 5 62"																																																																																																																		,2- 

Fig. 9 shows the elastic (24) and loss (2") moduli of the microgels covered heptane-water interface at 

various temperatures. In the entire temperature range, 24is always larger than	2", indicating solid-like 

behaviours. Also 24 exhibits a minimum around 308.1 K; while 2" stays in a plateau at temperature below 

VPTT and increases slightly at temperature above VPTT. 

Generally, the dilatational modulus versus surface pressure curve is plotted to obtain the surface 
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equation of state of the adsorbed proteins at the given interface, and it is a sensitive tool for assessing non-

ideal behaviour in the adsorbed protein layer. Usually, the results with the different protein concentrations 

could collapse to form a master curve that is typical for that protein.
70

 The PNIPAM microgel covered 

interface dilatational elastic modulus (24) is plotted versus surface pressure (П) and presented in Fig. 10. 

Elastic modulus decreases with increasing surface pressure, both at temperature above and below VPTT. 

More importantly, different elastic modulus values were obtained at the same surface pressure value. This 

clearly demonstrates that the interactions between the adsorbed microgels at the heptane-water interface 

are different at temperatures below and above VPTT at the same interfacial coverage. 

 

Fig. 9. Moduli (24, 2") of PNIPAM microgels covered heptane-water interface, at varied temperatures. 

 

Fig. 10. 24 as a function of П% of the heptane-water interface in the presence of PNIPAM microgels (the 

dotted lines were plotted for eye guiding). 
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Based on our observed dynamic interfacial tension minima and the interfacial dilatational rheology 

results at the meso-equilibrium regimes from fresh droplet experiments, we propose that PNIPAM 

microgels would approach to different static equilibrium states at varied temperatures due to their varied 

physical properties and interactions.
10, 34, 56

 With microgels of varied physical properties at different 

temperatures, three typical distinct single PNIPAM microgels layer would form at the heptane-water 

interface, considering the size and the interactions of these microgels at varied experimental conditions, as 

shown in Fig. 11. Due to the steric repulsions between peripheries chains at temperature below VPTT and 

the electrostatic repulsions between residue sulphate groups at temperature above VPTT,
56, 57

 these two 

PNIPAM microgels layers (A and C) pack sparser than that at temperature around VPTT at the heptane-

water interface. Therefore, a microgels interfacial coverage maximum would form after microgels densely 

packed at the heptane-water interface around VPTT. Hence, the heptane-water interfacial tension would 

exhibit a minimum at the highest microgels interfacial coverage around VPTT. The proposed three typical 

distinct single microgels layers represent three typical static equilibrium states with microgels at varied 

temperatures at the heptane-water interface. The microgels would always adsorb to the heptane-water 

interface to lower the interfacial tension, but the adsorption rate would become increasing slower with 

increasing microgels interfacial coverage. Therefore, the experimental observed minimum might retain in 

an extremely long time (Fig. 3). 

 

Fig. 11. Three proposed distinct single microgel layer at the heptane-water interface at various 

experimental conditions (flat in-plane interface are depicted instead of curved interface and the microgels 

are purposely arranged in a hexagon pattern to obtain the highest interfacial coverage): A) at temperature 

below VPTT; B) at temperature around VPTT; and C) at temperature above VPTT. 

 

To have a comprehensive understanding of temperature effect on the microgels covered heptane-water 

interface properties, another two experiments adopting the single droplet method were carried out.
36, 37, 39

 

As shown in Fig. S12, the first single droplet was initially created at 295 K (microgel concentration was 

still	5 × 10��g/mL), equilibrated for two hours to let microgels fully adsorb onto the heptane-water 

interface and to reach the thermal equilibrium; afterwards, it was successively heated to 320 K (at a rate 

of 1K/min), equilibrated for one hour to reach the thermal equilibrium, and then cooled back to 295 K, the 

starting temperature (cooling rate 1K/min, more details on the experimental procedures are provided in 
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supporting information). Fig. 12 shows the change of # as a function of temperature. First, with this single 

droplet method # is around 12 mN/m at 320 K. This value is lower than the value (~15 mN/m) obtained 

from fresh droplet method, as shown in Fig. 2. This difference clearly demonstrates that different ways of 

preparing the droplets affect the interfacial tensions. Second, during the cooling process, # returns back, 

though the value becomes slightly smaller than initial value. Presumably, this slight difference is 

originated from the hysteresis between microgels response and thermal conduction. Table 1 summarizes 

the moduli of this single droplet at three conditions: initial 295 K, 320 K, and back 295 K. With this 

single droplet method 2 is around 3.98 mN/m at 320 K. This value is lower than the value (~12 mN/m) 

obtained from fresh droplet method, as shown in Fig. 9. This difference reconfirms that different ways of 

preparing the droplets affect the properties of the microgel-laden heptane-water interface. More 

importantly, both the interfacial tension and moduli (complex modulus, elastic modulus, and loss 

modulus) can return to the initial values after this thermal circle (the heating and cooling processes). 

 

Fig. 12. The dynamic interfacial tension #$ of single droplet, starting at 295 K, in the presence of 

PNIPAM microgels at various temperatures. 
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Table 1. Moduli of the single droplet, starting at 295 K, at three conditions: initial 295 K, 320 K and back 

295 K.  

 

The second single droplet was initially created at 320 K (microgel concentration was still	5 × 10��g/

mL), equilibrated for two hours to let microgels adsorb onto the heptane-water interface and to reach the 

thermal equilibrium. Afterwards, it was successively cooled to 295 K, equilibrated for one hour to reach 

the thermal equilibrium, and then heated back to 320 K, the starting temperature, as shown in Fig. S13. 

Fig. 13 shows the change of # as a function of temperature. First, with this single droplet method # shows 

a minimum value (~13 mN/m) around 303 K at the cooling process. Upon cooling, microgels swell, and 

some microgels might be squeezed out of the heptane-water interface. Hence, the interfacial tension 

decreases and forms the minimum. Second, after these cooling and heating processes, # does not return to 

the initial value, for interfacial tensions at initial and back 320 K. The difference between the initial and 

final values is ~5 mN/m. This difference further supports that different ways of preparing the droplets 

affect the interfacial tensions. Third, in the heating process, similar to the heating process in Fig. 11, no 

interfacial tension minimum can be observed. Table 2 summarizes the moduli of this single droplet at 

three conditions: initial 320 K, 295 K, and back 320 K. With this single droplet method, starting at 320 K, 

the elastic modulus 2 is ~4.58 mN/m at 295 K. This value is close to the value (~5 mN/m) obtained from 

fresh droplet method, as shown in Fig. 9 and Table 1. Significant difference (∆2 ' 2:;<$<=>,��1	? −

2@=AB,��1	?	~ 10 mN/m) can be observed for the elastic moduli between initial 320 K and back 320 K. 

This difference further reconfirms that different ways of preparing the droplets affect the microgels laden 

heptane-water interfacial properties. 

 

Fig. 13. The dynamic interfacial tension #$ of single droplet, starting at 320 K, in the presence of 

PNIPAM microgels at various temperatures. 
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Table 2. Moduli of the single droplet, starting at 320 K, at three conditions: initial 320 K, 295 K and back 

320 K. 

 

From the single droplet experiments (Figs. 12 and 13, Tables 1 and 2), it is evident that different ways 

of preparing the droplets affect the microgels laden heptane-water interfacial properties. This signifies 

that there is an irreversible transition among these three states, as shown in Fig. 11. Single droplet 

experiment, starting at 320 K, shows that state C can go to states B and A in the cooling process.
17

 

Conversely, from both single droplet experiments, state A can only reach state B but not state C in the 

heating processes. State B can return to state A in the cooling process but not to state C in the heating 

process. The irreversible step is that state B cannot approach to state C in the heating process with 

PNIPAM microgels laden at the heptane-water interface. 

 

Conclusions 

In summary, we investigated the heptane-water interface in the presence of sufficient PNIPAM microgels 

as a function of temperature. In fresh droplet experiments, we observed #$ minima around PNIPAM 

microgel VPTT regardless of microgel aggregates. Both dynamic and static parameters contributed to the 

formed #$ minima around VPTT. PNIPAM microgels’ deformability dynamically dominated the 

microgels spreading at the heptane-water interface, while PNIPAM microgels packing and interactions 

determined the final static equilibrium states. In dilatational rheology measurements at the meso-

equilibrium regimes, we found that varied elastic modulus corresponding to the same surface pressure. 

Based on these results, we proposed PNIPAM microgels would approach to three distinctive states at the 

heptane-water interface at temperatures below, around, and above VPTT. The single droplet experiments 

further demonstrated that there existed an irreversible transition among these three states. The revealed 

results in this paper deepen our understanding of soft, porous, and deformable microgels’ behaviors at the 

oil-water interface, and have important implications for engineering microgels as stimuli-responsive 

emulsion stabilizers in applications, such as biocatalysis.
6
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