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Finding new ways to tune the behavior of thermoresponsive microgels in bulk and confined at 2D liquid interfaces 
is key to achieve a deeper understanding and control of these smart materials. We studied the interaction 
of positively and negatively charged pNIPAM microgels with the Keggin-type polyoxometalates 𝑁𝑎3𝑃𝑊12𝑂40
(POM3−) and 𝐻4𝑆𝑖𝑊12𝑂40 (POM4−). In bulk, we observed charge inversions of the positively charged microgels 
below and above the volume phase transition temperature (VPTT) at significantly low POM concentrations as 
5 ⋅ 10−5 M. In the presence of POM, both microgels exhibited a deswelling-swelling-deswelling behavior below 
the VPTT, and a two-step further deswelling above the VPTT for the positively charged microgels. When the 
later were confined at 2D water/air interfaces, adding 10−5 M of POM3− below the VPTT was equivalent to 
heating above the VPTT and compressing the monolayer from 5 to 20 mN m−1. Above the VPTT, the diameter at 
the interface did not change while the portion immersed in the subphase further deswelled, in agreement with 
the behavior in bulk. Adding more POM3− did not change the diameter at the interface nor the height of the 
microgels, showing a saturation effect in 2D. The restructuring of the pNIPAM polymeric network by the POM3−

was characterized by EDS mapping and XPS. The microgel monolayers with POM3− improved their resistance to 
plasma etching, which could be useful for soft colloidal lithography.
1. Introduction

Microgels are soft colloidal micro- and nanoparticles composed 
of cross-linked polymers that are swollen in a good solvent. Poly-
(N-isopropylacrylamide) (pNIPAM) microgels dispersed in water are 
widely used thanks to their thermoresponsiveness, exhibiting a Volume 
Phase Transition Temperature (VPTT). The microgel swells below the 
VPTT and deswells above it, expelling water and stiffening in the pro-
cess. [1]. It is possible to tune their response to other external stimuli 
during the synthesis, e.g. they can become pH-responsive by adding am-
photeric co-monomers [2,3].

One of the usual synthesis routes to obtain pNIPAM microgels is 
the precipitation polymerization, where they develop a Gaussian pro-
file on the cross-linking density, with a highly cross-linked core and a 
less cross-linked corona [4–6]. When a microgel adsorbs at a liquid in-
terface, the portion in contact with the interface stretches due to the 
surface tension, only counterbalanced by the internal elasticity of the 
polymeric network, which it is proportional to the cross-linking den-
sity. As a result, the microgel exhibits a fried-egg shape when it is seen 
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from above the interface, with the portion below the subphase still well 
solvated [7,8].

When confined at interfaces, microgels can be used as Pickering 
emulsion stabilizers, where their responsiveness allows to destabilize 
the emulsions by the influence of an external stimulus [9,10]. More-
over, when transferred to a silicon substrate, the deposited microgels 
can perform as lithography masks for soft colloidal lithography, to fab-
ricate arrays of vertically aligned silicon nanowires [11]. In this process, 
the silicon is etched by Deep Reactive Ion Etching (Deep-RIE). During 
this process, it is the complete etching of the microgels acting as lithog-
raphy masks what determines the upper boundary for the height of the 
vertically aligned nanowires.

In order to improve their performance in these or any other ap-
plications, we need to gain a deeper understanding of the behavior 
of microgels confined at fluid interfaces. Indeed, the portion of the 
microgel still immersed in the water subphase will keep its responsive-
ness to external stimuli, while the portion stretched at the interface 
will be mainly dominated by the surface tension [3,12,13]. Concerning 
the thermoresponsiveness, the diameter of the microgel at the inter-
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face remains the same regardless of the temperature. Nevertheless, as 
it occurs for microgels in bulk, the portion immersed in the water sub-
phase deswells above the VPTT, decreasing the diameter of that portion 
[12–15]. Upon deposition on a substrate, this deswelling results in an 
increase of the microgel height [12].

Recently, Schmidt et al. showed that for pH-responsive micro-
gels confined at fluid interfaces the behavior is different upon pH-
swelling/deswelling depending on the size of the microgel [3]. For big 
microgels (e.g. 800 nm) they found a similar behavior compared to 
that found for the thermoresponsiveness, with invariable diameter at 
the interface while the portion immersed in the water subphase was 
still pH-responsive. Interestingly, for small microgels (e.g. 250 nm) the 
diameter at the interface decreased upon pH-swelling of the microgels.

Another tool that can be used to tune the properties of microgels in 
dispersion, e.g. their charge and size, is the addition of salt. While this 
provides electrostatic screening of charges, we will particularize here 
to ionic specific interactions. The influence of the ionic specificity on 
pNIPAM has been widely analyzed in bulk for both free chains and mi-
crogels [16–18]. In both cases, the properties of pNIPAM are deeply 
affected by salts belonging to the Hofmeister series, specially when 
anions act as counter-ions [19,20]. However, there is a lack of experi-
mental works studying how salts influence the interfacial properties of 
pNIPAM, probably due to the difficulty in obtaining reliable and accu-
rate data in 2D systems.

There are many interesting ions candidates with complex behaviors, 
such as cobaltabisdicarbollide anions, but these exhibit interfacial ac-
tivity [21], and therefore they would compete with the adsorption of 
microgels at interfaces. An interesting kind of anions are the Keggin-
type polyoxometalates (POMs), nanosized metal-oxide clusters with 
high valences and well defined structures [22]. They do not exhibit in-
terfacial activity by themselves, but they can adsorb at the interface in 
the presence of interfacially active molecules [23,24]. Moreover, they 
can induce the self-assembly of free pNIPAM chains in bulk into sheets 
and globules [22,25], but a comprehensive study on how this effect 
translates to microgels, both in bulk and at interfaces, is only recently 
starting to be studied [26].

This strong interaction of POMs with pNIPAM has been observed 
also with proteins and seems difficult to be modeled by classical models. 
Recently, it has been proposed a quantum description of the interac-
tion [27]. The parallelism with proteins comes from the amide groups 
of pNIPAM that resemble the aminoacid structure. Furthermore, POMs
have been gaining attention due to their interesting and versatile ap-
plications, from their use in catalytic reactions [28], anticancer drugs 
[29], hybrid antimicrobial materials [30], or pollution removal [31] to 
cite some applications.

In this work, we explore the role of the ionic specificity of the 
Keggin-type polyoxometalates 𝑁𝑎3𝑃𝑊12𝑂40 (POM3−), 𝐻4𝑆𝑖𝑊12𝑂40
(POM4−) ions, and pNIPAM microgels, both in bulk and at the water/air 
interface. In bulk, by means of laser Doppler microelectrophoresis and 
Dynamic Light Scattering (DLS) size measurements, and at the water/air 
interface, from monolayer deposition and AFM, TEM, STEM-HAADF, 
EDS and XPS characterizations. Finally, we briefly explore a poten-
tial application in Soft Colloidal Lithography of the pNIPAM microgel 
monolayers deposited in the presence of the POM3− by testing their 
resistance to plasma etching.

2. Materials and methods

2.1. Materials

The pNIPAM microgels were synthesized as reported in a previous 
work by precipitation polymerization [19]. Further details are provided 
in the Supporting Materials. We used Milli-Q water in all our exper-
iments. N-Isopropylacrylamide (NIPAM), aminoethyl methacrylate hy-
drochloride (AEMH), N-methylenebisacrylamide (BIS) and 2,2’-azobis
2

(2-amidinopropane) dihydrochloride (V50) were obtained from Acros 
Journal of Molecular Liquids 400 (2024) 124496

in analytical grade and used as received. The POM3− 𝑁𝑎3𝑃𝑊12𝑂40
(Sigma Aldrich, 99.9%), 𝐻4𝑆𝑖𝑊12𝑂40 (POM4−, Sigma Aldrich, anhy-
drous base), NaOH (Acros Organics, for analysis), HCl (Sigma Aldrich, 
ACS reagent 37%), and NaCl (Sigma Aldrich, 99%) were used as re-
ceived. Isopropyl alcohol (Sigma Aldrich, 99.8%) was used as extension 
agent for the experiments at the water/air interfaces. Silicon substrates 
of 2 x 1 cm2 with ⟨100⟩ orientation (p-type, Boron doped, 1-10 Ω cm
from University Wafer Inc., USA) were cut by laser (Laser E-20 SHG II, 
Rofin, USA) and used for the deposition of microgel monolayers without 
further modification.

2.2. Sample preparation and physicochemical characterization in bulk

The pH 3 Milli-Q water used in all experiments was prepared by ad-
justing the pH of Milli-Q water with HCl. It was found that the pH-probe 
was a source of contamination for the interfacial experiments. To avoid 
cross-contamination from the pH-probe, few drops of HCl were added 
to the Milli-Q water. Then, a fraction was extracted and the pH was 
measured. This process was repeated until pH 3 was reached. Then, a 
20 ⋅ 10−3 M stock POM3− and POM4− solution was prepared by dilut-
ing the POM on freshly prepared pH 3 Milli-Q water. After the addition 
of POM, the pH could differ from pH 3. Therefore, either NaOH or HCl 
was added dropwise to adjust it to pH 3. To prepare the POMs solu-
tions, the POMs stock solutions was diluted on the pH 3 Milli-Q water 
to the desired POMs concentration. Although at this pH the POM3− is 
not completely stable [32,33], and lacunary species such as PW11O

7−
39

might be present, pH 3 was chosen to increase the range of applicabil-
ity of our system, since the POM3− was weakly affected by working at 
this pH.

The hydrodynamic diameter (𝐷ℎ) and the electrophoretic mobil-
ity (𝜇𝑒) were measured via a ZetaSizer NanoZ (Malvern Instruments, 
UK). All the measurements were performed at temperatures between 
25 ◦C and 50 ◦C to investigate the swollen and deswollen states of the 
microgels, respectively. The results were obtained by the average of 
three measurements and their corresponding standard deviations. For 
each characterization, a microgel solution of 0.1 wt% was prepared 15 
minutes prior to the measurement. When the desired temperature was 
achieved, the sample was stabilized during 3 minutes before starting 
the experiments. The VPTT was obtained from a sigmoidal fit of the 
evolution of the 𝐷ℎ as a function of the temperature in the absence of 
salt, as detailed in the Supplementary Materials (see Fig. S1 and S2).

2.3. Langmuir trough depositions

Details on silicon substrate sample preparation, cleaning protocols, 
Langmuir trough (KSV NIMA, Biolin Scientific, Sweden) barrier com-
pression and dipping speeds are detailed in the Supplementary Materi-
als. It is known that the deposition method can affect the microgel shape 
and conformation on the solid substrate [34]. In order to offer mean-
ingful comparisons, we restricted to a widely used and standardized 
deposition method which provides reproducible results [12,11]. First, a 
silicon substrate was attached to the dipper arm of the Langmuir trough 
and lowered below the interface position at an angle of 60◦. The clean 
Langmuir trough was then filled with the desired ionic solution at pH 
3, and heated above the VPTT when needed thanks to a thermal bath 
heating the trough from outside. When the interface was considered 
clean enough (see Supplementary Materials), the microgel suspension 
was deposited at the interface thanks to a 100 μL glass microsyringe, up 
to a surface pressure of Π ≃ 1 mN m−1, allowing it to equilibrate for 10 
minutes. Next, we performed two types of experiments. The first type 
was intended to characterize the compression curve of the microgel. In 
this case the monolayer was compressed while simultaneously lifting 
the substrate across the interface. Just before the substrate completely 
crossed the interface, the barriers were fully opened to create a sudden 
change in Π which we used as a reference point to match each posi-

tion on the substrate with its corresponding surface pressure via AFM 



A. Rubio-Andrés, D. Bastos-González and M.A. Fernandez-Rodriguez

[12]. In this way, it is possible to reconstruct the compression curve 
by representing Π as a function of the area occupied by each microgel. 
The other type of experiment was intended to investigate the effect of 
the POM3− concentration on the self-assembly of the microgel mono-
layer. First, the monolayer was compressed up to Π = 5 mN m−1 and 
deposited on half of the substrate. Next, the monolayer was compressed 
up to Π = 20 mN m−1 and deposited on the rest of the substrate. In this 
way, there were two different areas over the substrate corresponding to 
the two values of Π. After each deposition experiment, the Langmuir 
trough was cleaned as detailed in Supplementary Materials.

2.4. AFM and image analysis

The deposited monolayers were characterized by means of Atomic 
Force Microscopy (AFM, motorized Dimension 3000) in tapping mode 
(Tap300Al-G cantilevers, 300 kHz, 40 N/m, BudgetSensors, Bulgaria). 
We acquired 512 x 512 pixels2 images of 40 x 40 μm2 and 10 x 10 μm2

over the microgel monolayers deposited on the silicon substrates. For 
the compression curve, we acquired images every 500 μm over the sub-
strate from the reference point thanks to a customized motorization of 
the AFM [35]. For the substrates with two regions at 5 and 20 mN m−1, 
we acquired images of each region. The images were post-processed 
with the software Gwyddion to level them and increase contrast. Next, 
the images were converted to 8-bits grey-scale images and analyzed us-
ing a customized particle tracking software based on the Python version 
of the publicly available particle tracking code by Crocker and Grier 
TrackPy [36]. Thus, we localized the center of each particle excluding 
the microgels placed in the edges of the image, and calculated their 
radial distribution functions g(r), and the nearest neighbor distance.

2.5. TEM characterization and chemical identification

In order to image the microgel monolayer and identify the chem-
ical species present in it, we performed TEM, High-Angle Annular 
Dark-Field imaging (STEM-HAADF), and Energy-Dispersive X-ray Spec-
troscopy (EDS) measurements (Thermo Fisher Scientific TALOS F200X) 
with an acceleration voltage of 200 kV. To reproduce the deposition 
procedure described in the previous section, microgels were deposited 
from the water/air interface at Π ≃ 20 mN m−1 into a copper TEM 
grid, and dried at room temperature. While we cannot ensure that Π
is exactly the same as for silicon substrates due to the deposition pro-
cess, this serves as a first approximation to characterize self-assembled 
monolayers. The details on the sample preparation are presented in Sup-
plementary Materials.

2.6. XPS measurements

The surface chemistry of the deposited monolayers was character-
ized by means of X-ray Photoelectron Spectroscopy (XPS, PHI Ver-
saProbe II equipped with a monochromated Al X-Ray source for ex-
citation at 1486.6 eV) with an analyzing spot diameter of 200 μm. The 
data treatment and peak fitting was done using the XPSPeak software.

2.7. Plasma etching

Air plasma etching was applied to the deposited microgels to test 
their resistance to plasma etching in the presence of POM3−. Measure-
ments were done by means of a radio frequency plasma device (KX1050 
Plasma Asher, Emitech). Substrates with deposited microgels were sub-
jected to air plasma during 30 minutes at 100 W and characterized by 
AFM before and after the treatment.

3. Results and discussion

Characterizing the electrophoretic mobility, 𝜇𝑒, of a microgel dis-
3

persion is useful to determine the accumulation of different type of 
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Fig. 1. a) Electrophoretic mobility (𝜇𝑒) as a function of temperature for posi-
tively charged pNIPAM microgels at pH 3 in the absence of salt (■), with 10−4
M of NaCl (■), and 10−4 M of POM3−, (■). The lines are guides to the eye.

ions on the microgels. This allows to compare how the electric state 
of the surface of the microgels changes depending on the nature of the 
ions present in solution [20]. In Fig. 1 we present the 𝜇𝑒 trend from 
25 ◦C to 49 ◦C for a dispersion of positively charged microgels in the 
presence of 10−4 M of POM3−. In order to make comparisons, we also 
performed this characterization in the absence of salt, and with 10−4
M of NaCl. The green curve without salt at pH 3 showed positive 𝜇𝑒
values as expected for the positive charge of our microgels, with no 
significant changes after adding 10−4 M of NaCl. Around the VPTT, 
33.7 ± 0.2 ◦C, there was an increase in 𝜇𝑒 due to the deswelling of the 
microgel, which resulted in more charges per unit of area. This sce-
nario significantly changes in the presence of POM3− at 10−4 M. In 
this case, the electrophoretic mobility inverted its sign, which means a 
charge inversion of the pNIPAM microgels in all range of temperatures 
studied. The negative electrokinetic charge in the presence of POM3−

increased as the microgel deswelled, reaching a value even higher, in 
absolute value, than the positive 𝜇𝑒 reached with NaCl at 10−4 M. We 
previously observed charge inversion with the monovalent tetraphenil 
borate anion (Ph4B

−) at 10−3 M, but only above the VPTT, where the 
microgels show a more hydrophobic nature [19]. The charge reversal in 
the swollen state of the pNIPAM, when the microgel is more hydrated, 
shows that the POM3− also strongly accumulates in the pNIPAM inter-
face in its more hydrophilic state. Our results confirm that the POM3−

anions show a strong interaction with positive pNIPAM microgels in 
both the more hydrophilic and more hydrophobic states, below and 
above the VPTT, respectively. This high ionic specificity is beyond the 
one of a pure electrostatic interaction, and it has been ascribed to its 
dual character of ion and nanocolloid [37,38] or to superchaotropicity 
[39].

Next, we conducted 𝜇𝑒 and hydrodynamic diameter 𝐷ℎ measure-
ments as a function of the POM3− concentration for positively and 
negatively charged microgels. For the positively charged microgels at 
25 ◦C, the results in Fig. 2a showed no significant changes on the mi-
crogel charge below 10−5 M. At 5 ⋅ 10−5 M we found the isoelectric 
point indicating a full screening of the microgel charge. By increasing 
the POM3− concentration, a strong absorption of POM3− was observed 
as the 𝜇𝑒 became negative. Above 5 ⋅10−5 M, despite existing an electro-
static repulsion between the already negative microgel and the POM3−

anions, the value of 𝜇𝑒 kept decreasing, which we hypothesize it might 
be mediated by both the softness of the swelled microgels that would al-
low for more anions to keep absorbing onto them, and the ionic specific 
effects between POM3− and the microgels. This hypothesis is supported 
by reference measurements done with slightly negatively charged mi-
crogels. In Fig. 2c it can be seen how the 𝜇𝑒 of negatively charged 
microgels became more negative upon increasing the POM3− concen-
tration, despite existing an electrostatic repulsion. As we will discuss, 

the 𝐷ℎ measurements in Fig. 2b and d reinforce this hypothesis.
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Fig. 2. Electrophoretic mobility 𝜇𝑒 and hydrodynamic diameter 𝐷ℎ for the a-b)

positively charged microgels and c-d) negatively charged microgels as a func-
tion of the concentration of POM3− at 25 ◦C (■), and at 50 ◦C (■). The lines 
are guides to the eye.

For the positively charged microgels at 50 ◦C, the microgels 
deswelled with the corresponding increase in charge per unit area, ex-
hibiting the same trend in 𝜇𝑒 as at 25 ◦C. However, at 5 ⋅ 10−5 M we 
already observed a charge inversion which significantly increased as 
the POM3− concentration increased up to 10−4 M. Beyond that point, 
further increases in POM3− concentration were not reflected on the 
𝜇𝑒, which remained constant. These results seem to indicate that the 
interaction of the POM3− with the pNIPAM was even stronger in its 
deswollen state. These results are in good agreement with our pre-
vious studies on the adsorption of POM3− and charge inversion for 
hard nanoparticles, where we observed a stronger interaction of POM3−

when surfaces were more hydrophobic [38]. For the negatively charged 
microgels in Fig. 2c, the accumulation of POM3− on the microgel above 
the VPTT was also evidenced as the 𝜇𝑒 decreased regardless of the 
electrostatic repulsion between the POM3− anion and the negative mi-
crogel.

We show the influence of POM3− concentration on the size of pos-
itively charged microgels in Fig. 2b. At 25 ◦C, a deswelling-swelling-
deswelling trend was observed. This is a striking behavior found for 
both positively and negatively charged microgels (see Fig. 2c and d). 
Thus, this effect happens regardless of the role of POM3−, either act-
ing as counter-ion or co-ion, in Fig. 2b and 2d, respectively. This hints 
to a strong binding of POM3− anions to pNIPAM polymers regardless of 
the overall charge of the microgels, although the effect appears stronger 
when acting as a counter-ion as seen in Fig. 2c. The later is expected as 
the electrostatic interaction enhances the counter-ion absorption onto 
the pNIPAM. We propose that this non-monotonic behavior might result 
from a rather complex competition of two interactions: i) the absorp-
tion of POM3− tends to dehydrate the pNIPAM chains, causing their 
collapse, and ii) the accumulation of POM3− anions tend to re-swell the 
microgels due to electrostatic repulsion. We have labeled each regime 
in Fig. 2b and d as I-II-III, in order to gain clarity in the discussion. We 
will particularize first to the positively charged microgels, since the be-
havior is similar to the negatively charged one, but stronger in terms of 
size variation. In Fig. 2b regime I, the size of the positively charged mi-
crogels decreased 17.7% from 288 ± 2 nm to 237 ± 1 nm at 5 ⋅ 10−5 M, 
where a minimum in 𝐷ℎ was observed, at the same POM3− concentra-
tion where we observed the isoelectric point in Fig. 2a. We previously 
4

found that it is possible to deswell the pNIPAM microgels below the 
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VPTT thanks to ionic specific interactions [40]. Nevertheless, on that 
study we used simpler ions belonging to the Hofmeister series. More-
over, the concentration of ions at which microgels begun to deswell 
were always above 3 ⋅10−1 M, significantly higher than those used here. 
In a recent work, Brasili et al. found that the absorption of oppositely 
charged gold nanoparticles led to a deswelling caused by the screening 
of the microgel charge [41]. As explained above, the deswelling ob-
served for our microgels might be due to a dehydration of the pNIPAM 
chains induced by the binding of POM3−. When POM3− is absorbed on 
the microgel, a competition for the water molecules between the pNI-
PAM chains and the POM3− occurs, resulting in a partial dehydration 
of the chains [40,42]. By increasing the POM3− concentration we enter 
regime II, where the great absorption of POM3− on the microgels re-
sulted in their re-swelling, reaching the original 𝐷ℎ at 5 ⋅ 10−4 M. This 
happened at the corresponding POM3− concentration where 𝜇𝑒 showed 
a charge reversal in Fig. 2a. Our working hypothesis for this behavior 
is that this reswelling comes from both the electrostatic repulsion be-
tween the POM3− anions absorbed inside the microgel, and the increase 
in the charge of the microgel [43]. This re-swelling was not previously 
observed with the ions belonging to the Hofmeister series. This points 
out to a stronger and more complex interaction of POM3− anions with 
the positively charged pNIPAM microgels. Therefore, it is plausible that 
at such low concentrations as 10−4M, the effect produced by the over-
charging is greater than the dehydration observed in regime I, resulting 
in the observed re-swelling. Finally, in regime III, we found that increas-
ing the POM3− concentration above 10−3 M resulted again in a partial 
deswelling of the microgels. At 10−3 M POM3−, the concentration seems 
to be sufficiently high for the dehydration effect described in regime I 
to now overcome the electrostatic repulsion provided by the absorbed 
POM3− anions, which tends to swell the microgel in regime II. The same 
three regimes corresponding to the non-monotonic deswelling-swelling-
deswelling were also observed for the negatively and more crosslinked 
microgels at similar POM3− concentrations. Once more, this behavior 
confirms the strong ionic specific interactions between the microgels 
and the POM3−, where the latter absorbs in the negative microgel in its 
swollen state regardless of the existing electrostatic repulsion.

We now focus on the behavior above the VPTT in Fig. 2b and d, 
at 50 ◦C, particularizing first to the positively charged microgels. The 
most relevant result was the further deswelling of the microgels at 10−5
M indicating that the microgel expelled even more water above the 
VPTT due to the presence of the POM3− anions. It should be noted that 
this deswelling appears at a concentration at which 𝜇𝑒 was still posi-
tive in Fig. 2a. This further ≃ 30% size reduction remained constant in 
all tested POM3− concentrations above 10−5 M. Previous studies with 
pNIPAM microgels showed a sequential deswelling upon heating, where 
the difference in the electrokinetic temperature and the volume phase 
transition temperature pointed out to a first deswelling of the shell, fol-
lowed by a further deswelling of the core [43,44]. Authors evidenced 
this sequential deswelling from a minimum in the 𝑅𝑔∕𝑅ℎ ratio [43,44]. 
However, in our case, the further deswelling occurred at 50 ◦C, well 
above the VPTT where the microgel was already in a deswollen state. 
To our knowledge, this is the first time that such significant 30% fur-
ther deswelling above the VPTT has been observed. In any case, it is 
worth noting that the further deswelling upon POM3− absorption above 
the VPTT that we report here is mediated by a different mechanism. 
When comparing to the negatively charged microgels in Fig. 2d, we did 
not observe significant variations in the 𝐷ℎ compared to the positively 
charged microgels, although the 𝜇𝑒 showed that POM3− anions kept ac-
cumulating on both microgels thanks to the strong specific interactions. 
This difference might come from the more rigid nature of the negatively 
charged microgels above the VPTT, due to their higher crosslinking den-
sity, more than 4.5 times compared to the positively charged microgels, 
and the absence of co-monomers providing additional charges to the 
polymeric network.

The analysis of the 𝜇𝑒 and 𝐷ℎ data vs POM3− concentration shows 

enhanced effects for the positively charged microgels, with a charge 



Journal of Molecular Liquids 400 (2024) 124496A. Rubio-Andrés, D. Bastos-González and M.A. Fernandez-Rodriguez

Fig. 3. Surface pressure Π versus area per particle A𝑝 and representative AFM images obtained by the simultaneous compression and deposition of a monolayer of 
positively charged microgels from a water/air interface on a silicon wafer. The inset shows the microgel height distributions measured with AFM at Π ≃20 mN m−1

for 25 ◦C (∙) and 50 ◦C (∙). The color of the images frames showcases the temperature at which microgels were deposited at. The lines are guides to the eye.
inversion and further deswelling above the VPTT. In this case, the 
POM3− acts as a counter-ion favoring both the electrostatic and specific 
effect interactions, and the microgel is softer compared to the more 
crosslinked negative microgel. Therefore, this points to the two main 
ingredients to control these ionic specific interactions: charge and soft-
ness.

In order to compare the effect of the electrostatic charge, we con-
ducted additional experiments with another Keggin type polyoxometa-
late, H4SiW12O40 (POM4−) and the positively charged microgels in Fig. 
S3. In addition, it is known that POM4− remains stable at pH < 4.5, and 
thus it is stable at our working conditions of pH 3 [33]. These measure-
ments can contribute to shed light about the possible influence that the 
lacunary species, 𝑃𝑊11𝑂

7−
39 , might have on the observed results with 

POM3−.
In Fig. S3a, the 𝜇𝑒 results showed almost no differences between 

the POM3− and the POM4−, both below and above the VPTT, showing 
that the increase in charge from POM3− to POM4− did not significantly 
alter the overall electric state of the microgels. The 𝐷ℎ in Fig. S3b 
also showed the same trend for both POMs, with a greater reswelling 
for POM4− at 25 ◦C. This is consistent with our hypothesis, where the 
reswelling arises from the electrostatic repulsion between the POMs ab-
sorbed in the microgel. Since the POM4− has a greater negative charge 
than POM3−, the repulsion between the POM4− anions inside the mi-
crogel increases, resulting in the enhanced reswelling observed at 25 ◦C. 
Both the reswelling and the final deswelling occurred for both POMs at 
the same concentration. This points out to the accumulation not be-
ing only caused by an electrostatic attraction [45]. Above the VPTT, 
at 51 ◦C, the two-step deswelling was also observed in the presence of 
POM4−.

As stated above, at pH 3 the POM3− is not totally stable, and some 
percentage might be present as lacunary species, such as PW11O

7−
40
5

(POM7−) [33]. The latter has a negative charge of -7, greater than the 
-4 charge of the POM4−. If the lacunary POM7− was the main specie the 
electrostatic repulsion would result in a higher reswelling compared to 
POM4−. Thus, it seems reasonable to state that in our working condi-
tions the lacunary species had no major impact in the observed effects.

Next, we will discuss the effect of the interaction of POM3− anions 
with positively charged pNIPAM microgels confined at water/air inter-
faces. To this end, we performed Langmuir-Blodgett experiments, where 
the monolayers were transferred to silicon substrates and characterized 
by atomic force microscopy (AFM). In these experiments, both the sub-
phase in the Langmuir trough and the microgel dispersion were kept at 
pH 3 and at the same POM3− concentration.

Recent studies showed a plethora of new behaviors happening when 
microgels are confined at 2D fluid interfaces [9]. Therefore, before an-
alyzing the role of POM3−, we characterized the compression curve of 
our bare positively charged microgels at pH 3 without salt, below and 
above the VPTT (see Fig. 3, and Fig. S4-S5).

The adsorption of microgels at water/air interfaces is a process out 
of thermodynamic equilibrium, hence our denomination of a compres-
sion curve instead of a compression isotherm. This is because slightly 
different amounts of deposited microgels at the interface lead to differ-
ent compression curves, making comparisons difficult or meaningless 
when only attending to the total mass of the microgels assumed to be 
deposited at the interface. With our method of measuring the ex-situ 
area per particle for each value of Π we avoid this problem and we can 
compare between different experiments and conditions.

We reproduced the behavior for small microgels that we reported 
in a previous work [46], where rather monodisperse small microgels 
(PDI ≤ 0.1, measured by DLS) self-assembled into a glass at the inter-
face due to small variations of their internal polymeric network. This 
provided polydispersity in the soft steric repulsive interactions at the 
interface that frustrated the crystallization of the monolayer, as seen in 
Fig. 3. We also reproduced the results of a previous work finding that 

the microgels did not change their diameter at the interface regardless 
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Fig. 4. a) Nearest Neighbor Distance (NND) in positively charged microgel 
monolayers (top) and maximum height of the microgels (bottom) vs POM3−

concentration at Π = 5 (■) and 20 mN m−1 (⧫), at 25 ◦C. b) NND at Π = 20
mN m−1 of microgels without POM3− (left) and with 10−5 M POM3− (right), at 
25 ◦C (blue) and 50 ◦C (red). c) Maximum height of microgels distribution at 
Π = 20 mN m−1, open symbols correspond to measurements in the absence of 
salt at 25 ◦C (□) and 50 ◦C (□), while solid symbols are in the presence of 10−5
M of POM3− at 25 ◦C (■) and 50 ◦C (■). Lines are guides to the eye.

of being above or below the VPTT [12,14], as reflected by the overlap-
ping compression curves at 25 and 50 ◦C. The portion immersed in the 
subphase was still thermoresponsive, resulting in the deswelling of that 
portion above the VPTT, which was reflected in an increase in height of 
the microgel after the deposition on the silicon substrate (see the inset 
in Fig. 3). Therefore, a higher height after the deposition is a signa-
ture of deswelling of the portion immersed in the subphase before the 
deposition.

As explained in the introduction, recent new experimental evidence 
has reported the role of charges on microgels confined at fluid inter-
faces, in this case by changing the pH of pH-responsive microgels [3]. 
Our present study aims to contribute to fill the gap on the role of ionic 
specificity in the behavior of microgels confined at fluid interfaces. By 
size, our microgels would be “small microgels” according to our previ-
ous study [46] and the one by Schmidt et al. [3].

In Fig. 4a, we studied the role of the ionic specificity of the POM3− in 
the self-assembly of positively charged microgels confined at liquid in-
terfaces at 5 and 20 mN m−1 at 25 ◦C, i.e. below the VPTT. We tracked 
the position of each microgel in the AFM images (see Supplementary 
Materials for details), and we characterized the nearest neighbor dis-
tance (NND), which reflects the diameter of the microgels at the wa-
ter/air interface. In addition, we determined the maximum height of 
the deposited microgel monolayers as the average of this value for all 
the microgels in an image. The uncertainty associated to each measure-
ment was calculated from the Full Width at Half Maximum (FWHM) of 
the height and NND distributions. This uncertainty appeared as a con-
sequence of the polydispersity of the microgels at the interface [12].

In the absence of POM3−, in Fig. 4a we found the expected com-
pression of the monolayer from 5 to 20 mN m−1, with the NND being 
reduced by 17% from 650±70 nm to 540±40 nm, and the maximum 
height increasing by 43% from 7±3 nm to 10±4 nm. When the POM3−

was added at 10−5 M, the microgels at 5 mN m−1 reduced their NND 
by 17%, down to 540±80 nm, and increased their height by 85% up to 
13 ± 7 nm. Hence, the NND and height of the deposited microgels at 
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5 mN m−1 in the presence of 10−5𝑀 POM3− exhibited similar values 
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as the microgels deposited at 20 mN m−1 in the absence of POM3−. In 
other words, the addition of POM3− at such low concentration as 10−5
M produced an effect on the microgel monolayer which was equivalent 
to mechanically compressing it from 5 to 20 mN m−1. As the concentra-
tion of POM3− increased above 10−5 M, the NND and height remained 
almost constant, reflecting that at 10−5 M the effect produced by the 
POM3− on the microgels at the interface already saturated. This behav-
ior was different to the one observed for the microgels in bulk in Fig. 2a 
and b, where in the range of the concentrations measured significant 
variations of the 𝜇𝑒 and 𝐷ℎ were observed. Interestingly, Schmidt et 
al. found a decrease in the diameter of small microgels at the interface 
upon pH-swelling [3]. Our results go in a different direction since the 
decrease in diameter in the presence of POM3− was accompanied by 
a deswelling of the portion immersed in the subphase, reflected in an 
increase of height after the deposition.

We also measured the effect of NaCl in the self assembly of the mi-
crogels at the interface in order to compare with the POM3− results. 
Measurements with NaCl were carried out at 10−1 M, 100 times more 
concentrated than the most concentrated tested POM3− solution. If we 
would like to compare ionic strengths then the NaCl concentration has 
to be divided by 6. We did not find any changes in either the NND nor 
the heights of the microgels with respect to the absence of salt (Fig. 
S6, and Table S4). This evidences that the results obtained with POM3−

came from the strong ionic specific interactions with pNIPAM micro-
gels. This strong affinity was also reflected in an onset of effects at 
similar concentrations both in bulk and at the interface.

In Fig. 4b-c, we investigated the effect of temperature for microgel 
monolayers in the presence of POM3−. In the absence of POM3−, we ob-
served similar values of NND below and above the VPTT, as discussed 
in Fig. 3 [3,14]. Similarly, by adding 10−5 M of POM3−, the NND re-
mained equal below and above the VPTT, but with a lower value than 
in the case of no POM3−, as already shown in Fig. 4a. Furthermore, 
we observed a two-step height increase in Fig. 4c, in accordance to the 
two-step deswelling shown in bulk in Fig. 2b. First, the deswelling of the 
swollen core of the microgel when the temperature was above the VPTT 
in the absence of salt only affected the height of the deposited micro-
gels, increasing it when compared to their corresponding depositions at 
25 ◦C. Next, the addition of POM3− at 25 ◦C increased the height of the 
deposited microgels, matching the one achieved by heating the sample 
above the VPTT in the absence of POM3−, as reflected by the overlap-
ping distribution functions in Fig. 4c. Thus, by adding 10−5 M of POM3−

we accomplished an effect equivalent to heating above the VPTT. Fur-
thermore, when we heated the sample in the presence of POM3− up to 
50 ◦C, we observed a further increase in their height up to 23 ±9 nm. As 
explained above, these results are in good agreement with the two-step 
deswelling observed in bulk in Fig. 2b, where the further deswelling 
observed for the microgels in bulk above the VPTT was reflected in a 
further increase of the height of the deposited microgels in Fig. 4c.

As discussed above, POM3− anions are not interfacially active, but 
their confinement at the interface was promoted by the interfacial ac-
tivity of the microgels [23,47]. Therefore, it is reasonable to expect an 
accumulation of the POM3− anions both at the liquid interface where 
the coronas of the microgels are stretched, and in the respective por-
tions still immersed in the subphase. Nevertheless, the confinement of 
the microgels at the liquid interface restricts their ability to re-arrange, 
which could cause the saturation of the effects observed. It is reasonable 
to expect that with more crosslinked, i.e. stiffer, microgels the effects 
produced by the POM3− might be weaker. The opposite might occur 
for less crosslinked, i.e. softer, microgels. This might be compared with 
the constant size observed in bulk above the VPTT, where the micro-
gel is more rigid and therefore has less ability to re-arrange. There, the 
POM3− kept adsorbing on the microgel when the concentration was in-
creased, as reflected in the decrease of 𝜇𝑒 between 10−5 M and 10−4 M 
in Fig. 2a. However, this increased absorption of the POM3− was not re-
flected on the size in Fig. 2b, where the deswelling effect produced by 

the POM3− already saturated at 10−5 M.
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Fig. 5. HAADF-STEM images and EDS mapping of the positively charged microgel monolayers deposited at Π ≃ 20 mN m−1 with a) 10−5 M of POM3− and b) 10−3
M of POM3−. Top row pictures show 𝑁 mapping, while bottom row pictures show 𝑊 mapping. c) Spectra obtained from EDS. Solid/dashed lines correspond to the 
core and corona of a deposited microgel in a-b, respectively. Red/black color corresponds to 10−5 M and 10−3 M POM3− concentrations, respectively. The bottom 
image shows a zoom-in of the region of interest for 10−5 M.
In order to locate the distribution and amount of POM3− in the 
pNIPAM microgels, we characterized the location of the pNIPAM and 
POM3− anions on the deposited monolayers by HAADF-STEM and EDS 
(see details in Materials, Supplementary Materials and Fig. S7, S8, and 
S9). Since the POM3−, [𝑃𝑊12𝑂40]3−, contains tungsten (𝑊 ), we used 
it as an indicator of the POM3− concentration, while nitrogen (𝑁) was 
used as an indicator of the presence of pNIPAM. It is important to note 
that the STEM sample preparation resulted in the imaging of a single 
monolayer of microgels. In Fig. 5a-b, we present the HAADF-STEM and 
EDS mapping of the microgels deposited at Π ≃ 20 mN m−1 in the pres-
ence of 10−5 and 10−3 M of POM3−, respectively. In both Figures the 
denser and more cross-linked core revealed a higher 𝑁 concentration 
than in the surrounding stretched corona. While it is difficult to see by 
eye in Fig. 5a, Fig. 5b shows that the POM3− was accumulated both at 
the microgel core and the stretched corona, with more POM3− on the 
core compared to the stretched corona. To illustrate this greater absorp-
tion on the core of the microgel, Fig. 5c shows the corresponding EDS 
spectra in the core of one of the microgels compared to its corona (see 
more details in Fig. S10, S11, S12 and S13). In the zoom-in, it is pos-
sible to see how the signal corresponding to the 𝑊 −𝑀𝛼 peak of the 
EDS spectra was greater in the core region of the microgel also for 10−5
M of POM3−.

These results confirm that at 10−3 M there was more POM3− ac-
cumulation compared to 10−5 M. Nevertheless, the effects produced on 
the deswelling of the portion of the microgel immersed in the subphase, 
and on the decrease of the diameter at the interface, already saturated 
at 10−5 M, as shown in Fig. 4a through the NND and height of the 
deposited monolayers characterized by AFM. Hence, the sensitivity of 
these techniques enabled us to distinguish the accumulation of POM3−

in the microgel monolayers as its concentration increased.
Moreover, we also observed some results that point out a restruc-
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turing of the microgel polymer network by the presence of POM3−, an 
Table 1

XPS analysis with atomic percentages of the elements present in a substrate with 
positively charged microgels deposited at Π = 20 mN m−1 at 25 °C with 10−5 M 
POM3−. The relative concentrations of each peak from the deconvoluted spectra 
of 𝑊 4𝑓 are also shown, where 𝑊 (5+) corresponds to partially degraded POM3−.

Signal (Binding Energy, eV) (%)

𝐶1𝑠 (285.03) 28.25
𝑁1𝑠 (399.92 3.7
𝑂1𝑠 (532.21) 33.1
𝑆𝑖2𝑝 (98.99) 33.9
𝑊 4𝑓 0.7

XPS fitting of the W4f Spectra (% relative to the W4f signal)

𝑊 (6+)4𝑓7∕2 (35.95) 41.0
𝑊 (6+)4𝑓5∕2 (38.00) 30.8
𝑊 (6+)4𝑝3∕2 (40.91) 5.9
𝑊 (5+)4𝑓7∕2 (34.45) 12.7
𝑊 (5+)4𝑓5∕2 (36.44) 9.6

effect observed for free pNIPAM chains in bulk [25]. For example, in 
Fig. S9b, the bridging of two microgel cores is accompanied by the pres-
ence of a higher concentration of POM3− in the pNIPAM bridge. This 
bridging was never observed in the absence of POM3− (see Fig. 3, S4 
and S5). Therefore, compared to free pNIPAM chains in bulk [25], the 
restructuring ability of the POM3− would be significantly reduced when 
interacting with microgels due to the cross-linked polymer network, but 
it seems to be still present (see Fig. S14).

We further studied the integrity of the POM3− anions after the de-
position of a microgel monolayer from the water/air interface onto the 
silicon substrates by XPS (see details in the Supplementary Materials). 
The presence of 𝑊 (6+)4𝑓7∕2 and 𝑊 (6+)4𝑓5∕2 doublet peaks at bind-
ing energies of 35.95 and 38.00 eV revealed the presence of unaltered 

𝑊𝑂3, indicating that the POM3− structure remained unaltered [48]. 
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Fig. 6. Showcase of the improved ability of microgels to perform as lithog-
raphy masks by resisting more to an air plasma treatment of 30 min at 100 
W. AFM images obtained by the deposition of positively charged microgels at 
20 mN m−1. Depositions were done in the absence (a-b) and presence (c-d) of 
POM3− at 10−5 M. AFM images were acquired before (a-c) and after (b-d) the 
plasma treatment.

A slight reduction into the 𝑊 5+ oxidation state was observed as new 
𝑊 (5+)4𝑓7∕2 and 𝑊 (5+)4𝑓5∕2 signals appeared at 34.45 and 26.44 eV, 
respectively, signaling the partial degradation of the POM3− (see Fig. 
S15). We present the relative concentration of each element for the an-
alyzed sample in Table 1 at 10−5 M of POM3−, showing that ≃ 22% of 
the POM3− partially degraded during the harsh process of depositing 
and drying on a silicon substrate.

Finally, to showcase if the microgels restructured by POM3− im-
proved their ability to perform as lithography masks, we subjected 
microgel monolayers to plasma etching to compare their resistance to 
be etched. As discussed in the introduction, the height of the produced 
vertically aligned nanowires will be determined by the resistance of mi-
crogels to etching [11]. Thus, more resistance of the lithography masks 
to plasma etching would result in higher vertically aligned nanowires 
during a dry etching process.

To do this, substrates with positively charged microgels deposited 
at Π = 20 mN m−1 with no POM3− and with 10−5 M POM3− were sub-
jected to air plasma at 100 W for 30 min. We acquired AFM images 
before and after the treatment. In Fig. 6, it is visible the compression of 
the monolayer induced by the POM3−, with a reduction of the NND and 
brighter, i.e. higher, microgels. Height distribution profiles of the mi-
crographs in Fig. 6 are shown in Fig. S16. After the plasma treatment, 
we noticed that the addition of 10−5 M POM3− prevented the full etch-
ing of the monolayer. We believe that the addition of POM3− results in 
more rigid and denser microgels that can resist the plasma etching for 
longer times. This would hint to an improved performance as lithogra-
phy masks by plasma dry etching.

4. Conclusion

In this paper we show evidences of the strong interaction between 
positively and negatively charged pNIPAM microgels and Keggin-type 
[PW12O40]3− and [𝑆𝑖𝑊12𝑂40]4− anions (POM3− and POM4−) in bulk, 
and we examine the behavior at the water/air interface of the positively 
charged microgels in the presence of POM3−.

Ionic specificity effects were observed at low concentrations of 
POM3− (ca. 5 ⋅ 10−5 M) for both microgels, below and above the VPTT. 
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In bulk, we observed charge inversion of the positively charged mi-
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crogels in all temperatures investigated, specially in the deswollen 
state. Below the VPTT, the hydrodynamic diameter 𝐷ℎ exhibited a 
non-monotonic deswelling-swelling-deswelling trend with the POM3−

concentration for both microgels. We propose a mechanism to explain 
such complex behavior that involves two interactions: i) the dehydra-
tion of the pNIPAM chains due to the absorption of the POM3− anions, 
and ii) the electrostatic repulsion between POM3− anions that appears 
when the concentration is high enough. Above the VPTT, we observed 
a novel extra 30% deswelling of the positively charged microgel at 10−5
M of POM3−. While the later was not present for the negatively charged 
microgels, the electrophoretic mobility 𝜇𝑒 showed that the POM3− kept 
absorbing also on these microgels even when the POM3− acts as a co-
ion. These novel results are a consequence of the great interaction of 
POM3− with the pNIPAM microgels, as it has been reported for free 
pNIPAM chains in bulk [25]. We also conclude the important role of 
the softness of the microgels below and above the VPTT, with effects 
that cannot be explained considering the microgels above the VPTT as 
hard particles [1].

At the water/air interface, the interaction of 10−5 M POM3− with 
the positively charged microgel monolayers below the VPTT resulted 
in a decrease of the diameter of the microgels at the interface and a 
deswelling of the portion immersed in the subphase. The later was re-
flected in a height increase of the deposited microgels. In the absence of 
POM3−, it was necessary to compress from 5 to 20 mN m−1 to achieve 
an equal reduction in the diameter, and to heat above the VPTT to ob-
serve similar values in the increased height. Above the VPTT, we only 
observed an extra deswelling of the portion immersed in the subphase 
when POM3− was added, in agreement with the results in bulk. The 
monolayer behavior did not change above 10−5 M of POM3−, indicat-
ing a saturation effect, despite the further accumulation of POM3− on 
the pNIPAM characterized by EDS mapping. We propose an explana-
tion for this saturation effect and the one observed in bulk for the 𝐷ℎ

above the VPTT. In both cases, the microgel ability to re-arrange, i.e. its 
softness, is restricted either due to the confinement at the water/air in-
terface or due to the deswelling above the VPTT in bulk. This restriction 
in the softness would be responsible for the observed saturation effects.

As a general conclusion, this work points out the importance of the 
ionic specific interactions over the tuning of the bulk behavior and 
2D interfacial self-assembly of pNIPAM microgels below and above 
the VPTT. It stands out that the behavior of soft matter in presence 
of ionic specificity effects is richer and more complex than those with 
hard colloidal particles [49]. Hence, to obtain a deeper understanding at 
molecular level on the interaction between POM3− and pNIPAM micro-
gels, further experiments including molecular dynamics simulations are 
required. In addition, we have already envisioned a possible application 
of this type of interaction in the improvement of soft colloidal lithog-
raphy, since the microgel monolayers showed improved resistance to 
plasma etching.
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