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Abstract.

Poly(4-vinylpyridine) particles, P4AVP, show a great potential from the environmental and economic
perspective since they are cheap and extensively used for safer and greener organic syntheses.
Moreover, their pH-sensitive properties would make it easy to obtain “on-off”, recyclable and
reusable Pickering emulsions. The relationships between the particles structures (size, shape, acidity
and charge) and the emulsions properties (type, droplet size and stability against environmental
stresses) were investigated. The protonation increased the particles diameter to 147 nm compared to
the pristine ones (88 nm) due to electrostatic repulsions which swell the particles. The {-potential was
decreased with increasing acidity (from +60 to +30 mV) due to the accumulation of chlorides onto the
surface. Thus, the acidic particles of 39 mmolH'/g and +57 mV were more effective in emulsifying
heptane in water with long-term stability in storage conditions (up to one year) and unprecedented
resistance against centrifugation and temperature (up to 5,000 rpm and 60 °C). Nevertheless,
destabilization can be easily achieved by pH or ionic strength changes facilitating the phase separation
and the particles recovery. Contrary to the literature of responsive Pickering emulsions, which require
relatively complex systems, the investigated one provides a simple route to obtain various “on-off”
switches using P4VP cross-linked particles which possess changeable structures based on
electrostatic repulsions. Consequently, the exploitation of such a system could be attractive in

biphasic media in which the PAVP would act as a reagent, scavenger, and/or catalyst.
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particles, charge density modification.



1. Introduction

Pickering emulsions have aroused considerable interest due to their role in numerous industrial
processes and products (e.g. agriculture [1], food [2], pharmacy [3], cosmetic [4], medicine [5], etc.).
This broad interest is mainly linked to the solid particles absorbed on the water/oil interfaces leading
to the formation of a dense film preventing coalescence and conferring long-term stability and a
reduction of foaming during emulsion preparation [6]. Moreover, unlike molecular surfactants which
have a substantial negative impact on ecosystems and require large amounts to produce stable
emulsions, Pickering emulsifiers are considered to be more eco-friendly and cost-saving [7]. In this
context, a wide variety of native or modified particles have served as Pickering emulsifiers (e.g. silica
[8], clay [9], metal oxide [10], carbon [11], proteins [12], polysaccharides [13], cyclodextrins [14],
supracolloids [15] or polymers [16]). Unfortunately, the high-stability of Pickering emulsions is
sometimes unsuitable for specific applications, such as controlled release [17], emulsion
polymerization [18] or catalysis [19]. In these cases, stimulus-responsive Pickering emulsions may
be required to switch between long-term stability and rapid phase separation through appropriate
environmental triggers (e.g. temperature, pH, ionic strength, magnetic field, ezc.) [20].

In the past decades, the emulsions stabilized by microgel particles have attracted much attention
[21]. From a theoretical point of view, they are crosslinked polymer-based particles forming a 3D
network that allow, in an appropriate solvent, a transition between swollen and shrunk particles by
adjusting the temperature, pH and/or the ionic strength [22]. This behavior offers an unprecedented
degree of control on the resulting emulsions although an amphiphilic balance remains an essential
requirement as for those that use molecular surfactants or conventional solid particles [23,24]. For
this purpose, the copolymers allows a judicious combination of hydrophilic and hydrophobic block
with appropriate environmental triggers [25]. Thus, poly(N-isopropylacrylamide), PNIPAM, or
poly(N-isopropylmethacrylamide), PNIPMAM, can be used as thermo-responsive part. For instance,
P(NIPAM-co-NIPMAM) and P(NIPAM)-P(NIPMAM) microgels provide emulsions which can be

broken by increasing the temperature above the volume phase transition temperature [26]. In contrast,



pH-sensitive copolymer-based microgels use a polyacid or a polybase block (e.g. poly(methacrylic
acid), PMAA, or poly(4-vinylpyridine), P4VP) copolymerized with NIPAM, styrene, etc. [27]. For
instance, the microgels based on P4VP/silica colloidal nanocomposite particles readily provide
emulsions at high pH value as the surface of particles consists of hydrophilic silica and hydrophobic
P4VP chains [28]. Note that ethylene glycol dimethacrylate is used as cross-linker to avoid particle
dissolution. Nevertheless, the phase separation is easily ensured by the swelling of microgels due to
the P4VP protonation. In addition to the pH, the degree of ionization also influences the stabilization
of these emulsions [22]. From a similar mechanism, pH-responsive emulsions can be obtain from
Au@poly(ethylene oxide-b-4-vinylpyridine) polymer-metal hybrid micelles [29]. However, the
crosslinking of the polymer micelle core was necessary to avoid the polymer micelles dissociation
and to allow reversible emulsification/demulsification cycles with pH variation. Unfortunately, all
these previous particles require synthetic steps before use (e.g. (co)polymerization, cross-linking,
grafting, functionalization, efc.) [30-33]. Consequently, they fail to provide ideal responsive
emulsions which should be directly stabilized by cheap commercially available particles without any
chemical transformation. We are clearly surprised of this finding because commercial P4VP particles,
crosslinked with divinylbenzene (DVB), which nevertheless seem to be ideal to obtain inexpensive
responsive emulsions, are, to our knowledge, omitted from the literature. Moreover, it is noteworthy
that crosslinked P4VP are widely used as a reagent, scavenger, and/or catalyst for safer and greener
syntheses due to their solid nature and easy recovery [34].

As “simplicity is the ultimate sophistication” (quote attributed to Leonardo da Vinci), we report
the use of commercial crosslinked P4VP particles to easily provide Pickering emulsions. As these
native particles are too hydrophobic to stabilize emulsions, their charge density was adjusted by
protonation (Figure 1). In this work, we particularly focus our attention on the relationships between
the protonated particles structures (size, shape, degree of protonation and charge) and the emulsions
properties (type of emulsion, droplet size, and stability against storage conditions and against

environmental stresses such as pH and temperature). The as-prepared emulsions showed very high



stability but can be easily destabilized by pH or ionic strength changes leading to phase separation

and particles recovery (switching service, see Figure 1).
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Figure 1. Poly(4-vinylpyridine) colloidal particles crosslinked with divinylbenzene (P4 VP, top) and

concept of responsive emulsions as a function of charge density and solvent penetration (bottom).

2. Experimental section
2.1. Materials and general information

The native P4VP (2% cross-linked with DVB) was purchased from Sigma-Aldrich. Prior to use,
the P4VP was cryo-grinded (MM400, Retsch, Germany). It was placed in two 25 mL stainless steel
grinding bowls filled with: 1/3 of PAVP, 1/3 of 5 mm-diameter stainless steel balls and 1/3 of air. The
bowls were immersed into liquid nitrogen for 4 minutes and grinded at a frequency of 30 s™! for 30
min. Water was purified using a water purification system (Barnstead, Thermo Scientific, USA) with
a resistivity higher than 18.2 MQ cm. The other chemicals were obtained from Sigma-Aldrich with
the highest purity and wused without further purification. To ensure repeatability,
physicochemical measurements were performed three times. pH was determined with pH330i
(WTW, Germany). Conductivity was measured with a CDM210 (Radiometer Analytical, France).

Centrifugation experiments were performed with a Sigma 2-16PK apparatus (20 min at 5,000 rpm).
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2.2. Preparation of particles

Partially protonated P4VP particles were prepared by adding 500 mg of cryo-grinded native P4VP
into 50 mL aqueous solutions of hydrochloric acid at different concentrations (5x107, 102, 2.5x1072,
5x1072, 7.5%1072, 0.1, 0.5 and 2 M). The solutions were then stirred at 500 rpm for 4 h. The particles
were then filtrated, dried overnight and cryo-grinded before characterization (see section 2.1).
2.3. Characterization of particles

Fourier transform infrared spectroscopy (FTIR) was carried out with a Nicolet 380 FTIR
Spectrometer equipped with an attenuated total reflector (Thermo Electron, USA).
Thermogravimetric analyses were carried out on a Q500 (TA Instruments, USA). About 10 mg of
product were heated from 25 to 500 °C at a rate of 10 °C/min under nitrogen atmosphere (60 mL/min).
To measure the acidity of particles, 500 mg of each acidified P4VP particles were dispersed into in
NaCl aqueous solution (50 mL at 0.5 M) at room temperature and stirred overnight. Then, the solid
was filtered off and the resulting solution was titrated with a NaOH solution (from 10 mM) using a
pH-meter. The particle size distribution was determined by dynamic light scattering (DLS) with the
Zetasizer Nano ZS ZEN 3600 (Malvern, UK). An automatic process was performed at 173° with a
10-runs method providing time-correlation functions. Data were analyzed by cumulating analysis to
obtain an average diffusion coefficient used to calculate a hydrodynamic radius using the Stokes-
Einstein equation. The {-potential was also measured after dispersing the particles into water (or in
1:1 water/ethanol mixture or heptane) at 25 °C. An automatic process was performed with a series of
10 to 100 measurements maximum for each sample. The morphology of the particles was inspected
by scanning electron microscopy (SEM) using a JSM-7800F LV (Jeol, Japan) operating at 5 kV. One
drop of the particles dispersed in water was deposited onto a carbon conductive adhesive tape stuck
on a stub (1.3 cm radius) and the observations were performed after the evaporation of water by air-
drying and chromium coating. The transmission electron microscopy (TEM) micrographs were
obtained on a TECNAI G2-20 Twin microscope (FEI, USA), equipped with a LaB6 filament

operating at 200 kV. Two drops of nanoparticles suspension were deposited on a carbon-copper grid



(CF200-Cu, Electron Microscopy Sciences, USA). The contact angles (0) were measured according
to the spreading method. The P4VP particles were compressed at 1,800 bars pressure during 1 min
and the contact angles were determined by using drop shape analyzer DSA 100 (Kriiss GmbH,
Germany) by depositing 4 uL of solvent (glycerol or paraffin oil) onto the compressed particles. The
stability of particles aqueous dispersions was quantified at 25 °C by static multiple light scattering
using a Turbiscan Lab (Formulaction, France) operating using a near-infrared light source (A = 880
nm).
2.4. Emulsion preparation

Water and particles (47.5 and 5 wt.%, respectively) were weighted in a glass vial (@ =16 mm;
H =60 mm) before adding heptane (47.5 wt.%). The emulsification was performed using a T10 basic
Ultraturrax (IKA, Germany, 11,500 rpm, 60 s).
2.5. Emulsion characterization

The type of emulsion was determined by electric conductivity measurement. Optical
microphotographs were obtained using a VHX-900F digital microscope equipped with a VH-
Z100UR/W/T lens (Keyence, France). The log-normal distribution function was obtained after
statistical analysis of the microphotographs using OriginPro 8® (OriginLab, USA). The morphology
of the emulsions was also inspected by SEM after the evaporation of water and heptane-core by air-
drying (see above). The stability of emulsions was evaluated at 25 °C using the Turbiscan (see section
2.3) over 2 days. The rheological properties were evaluated using a Kinexus (Malvern, UK) equipped
with a 20 mm-diameter plane geometry cone mobile imposing a logarithmic stress ramp increase
followed by a reverse stress decrease from 0 to 500 Pa. The temperature was controlled using a Peltier
temperature control device (+ 0.01 °C).
2.6. Emulsion destabilization

3 mL of emulsion were introduced into a glass vial (@ =16 mm; H= 60 mm). 0.2 mL of aqueous
HCI (5 M), aqueous NaOH (5 M) or 0.5 mL of aqueous NaCl (0.5 M; 0.5 mL) were then added. The

resulting emulsions were then kept at room temperature overnight.



3. Results and discussion

As native P4VP, which contains 2% DVB, is too hydrophobic, it does not naturally stabilize
emulsions. However, the presence of pyridine residues makes it possible to protonate it in an acidic
medium, which makes it possible to counterbalance the excessively hydrophobic nature of PAVP (see
Figure 1). As pH modification results in changes in the degree of ionization of surface groups, the
isoelectric point (IEP), defined as the pH value at which the particles carry no net electrical charge,
is a key parameter to obtain stable systems. Indeed, the condition of lowest stability, frequently
leading to aggregation and precipitation for suspensions and to phase separation for emulsions, is
obtained near the IEP. For the P4VP particles, the pyridine sidechains vary from charged at pH < pKa
to uncharged at high pH. As the exact pH dependence depends on the surface chemistry, a pH titration
can be used to determine the IEP of the commercial P4VP particles. An indirect estimation of the
particle surface charge is the measurement of the C-potential. In short, C-potential is the electric
potential at the slipping plane, i.e. the potential difference between the dispersion medium and the
stationary layer of fluid attached to the dispersed particles. Thus, particles dispersed in a solvent can
be negatively or positively charged according to particle size, effective charge on the surface, and
solution chemistry (e.g. pH, electrolyte concentration). In respect with this, a dispersion of
commercial P4VP in deionized water was prepared at pH 2.3 and a titration with NaOH was
subsequently used to measure C-potential as a function of pH (Figure 2). At low pH, there is an excess
of positively charged pyridines, leading to a positive {-potential (up to +34 = 4 mV at pH 2.3). As
pH is raised further, the protons are removed, leading to a decrease of the C-potential until to reach
an average surface charge of zero at pH 5.1. Above pH 5.1, the P4 VP is fully deprotonated but a more
and more negative C-potential is observed. This observation can be related to a strong prevalence of
OH' ions at the slipping plane, leading to negative C-potentials over the basic pH range (up to -47 +
5 mV at pH 11.6). Indeed, as the {-potential is governed by not only the surface chemistry but also
by the surrounding medium, we can suppose that the negative net surface charge arises from

adsorption of OH" ions onto the P4VP particles surface. The IEP is obtained at pH 5.1 which is in
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good agreement with the pKa values of 4-vinylpyridine (5.62) [35] and P4VP (~5) [36]. As a C-
potential value outside the range -30 to +30 mV usually refers to the ability to resist aggregation,
flocculation and coagulation (i.e. electrostatic repulsions are sufficient to overcome van der Waals

attractive forces), the P4VP aqueous dispersions are stable below pH 2.3 and above 8.5.
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Figure 2. Titration of commercial P4VP (2% DVB) aqueous dispersion (0.05 wt.% in deionized

water) using C-potential (S.D. + 10%) as a function of pH (IEP = isoelectric point).

Based on the previous titration curve and as a C-potential greater than +30 mV is required to obtain
good physical stability of suspensions and/or emulsions, various protonated P4VP particles
([P4VPH][CI]) were prepared by dispersion of native P4VP into aqueous solutions of HCI at different
concentrations for which the pH values are less than 2.3 (see Figure 1). Along with pH values, the
contact time also affects the [P4VPH][CI] preparation. Indeed, at the instant particles are dispersed in
the aqueous HCI solution, protons begin to diffuse and adsorb at the newly created solid/liquid
interface. It takes some time to reach equilibrium. This is why the contact time is fixed at 4 hours to
achieve the maximal protonation of accessible pyridine units regardless of the pH (i.e. the HCI]
concentration). After drying and cryo-grinding, particles were characterized by their acidity
(expressed in the form of acid density; mmolH'/g) and by their average hydrodynamic diameter
(obtained by dynamic light scattering, DLS, see Figure 3A). In addition, Fourier transform infrared
spectroscopy (FTIR) and thermogravimetric analyses were also performed (Figures 3B and C,

respectively). For reference purpose, the pristine P4VP follows similar preparation to the
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[P4VPH][CI] ones but was suspended in distilled water (i.e. with HCI = 0 M). Not surprisingly, the
particles acidity can be easily adjusted: the maximal protonation capacity was found to be 112 mmol
H" per gram of P4VP particles (Figure 3A). The interaction between hydrochloric acid and P4VP
particles was confirmed by FTIR analysis. Indeed, the presence of the pyridinium ring increases the
number of vibrational modes and brought completely different FTIR spectra as a result of change in

the force constants with the protonation [37].

A) 120 350 B)
1001 1300 <
~.o _ o o o 5] 1<%
8ol o o - - J-BE 04 250 9
1200 9|l §
60 — b= I
1150 3 £
40t =1l 2
1100 o i
20k 150 - 0 mmolH*/g Jt%
0 " n 1 n O Lo bttt
oM o mouwmw oo o o o o o o o o O
~ N O N O O O o o o o o o o O
— O O o Yo} o [Ye) o Te) o
oinHZO > N <t M ™M N N v <
® in H,O/EtOH (1:1) / HCI (mM) Wavenumber (cm)
B’)
< 8 2
< WB 2.3
[<}] Te]
8 o
c
]
11
s 0 =
= © < 0 mmolH*/g >

1700
1600
500
1400
600

1

Wavenumber (cm) Temperature (°C)

Figure 3. Acidity (S.D. £ 5%) and hydrodynamic diameter (Dn, S.D. + 7%) of isolated protonated
P4VP particles as a function of HCI concentration used for their preparation (A), typical FTIR spectra

and thermogravimetric curves (B and C, respectively).

The C-H valency vibrations of the polymer chain and of the side groups appear in the 3200-2700 cm”
! region and undergo practically no change with the protonation. In contrast, in the 2700-2000 cm'!
region, the apperance of broad peaks near 2080 and 2590 cm! are observed for [P4VPH][CI] due to

the N*-H valency vibrations of pyridinium residues. The valency and deformation vibrations of the



pyridine or pyridinium rings appear in the 2000-400 cm™' region. For instance, peaks near 1595, 1557,
1493, 1449, and 1415 cm™' correspond to the stretching vibrations of the pyridine ring of PAVP. The
frequencies of these bands are displaced with the protonation: 1600, 1557 (quasi-disappeared), 1502,
1454, 1417cm™ and the band at 1634 cm™! was appeared, indicating that pyridine rings have been
successfully protonated (for a typical example see Figures 3B and B’). Similar spectral changes have
been observed previously in protonation of P4VP [37]. 1t is noteworthy that thermogravimetric curves
also show clear modifications between the pristine and protonated P4VP forms (see Figure 3C for a
typical example).

Next, the hydrodynamic diameters (Dn) were determined for each particle (Figure 3A).
Unfortunately, the direct comparison of pristine and protonated particles cannot be made since this
Dn value is directly influenced by the solvent used for dispersed the particles. For instance, the Dn
values of the pristine particles were of about 450 nm in water, 300 nm in ethanol/water solution (1:1
in volume), and 4 um in heptane, whereas the [P4VPH][CI] particles were close to 250 nm in water,
255 nm in ethanol/water solution (1:1 in volume), and 3 um in heptane. In addition to the specific
solvation, this behavior is related to the swelling capacity of the particles and their aggregation.
Indeed, the crosslinking with DVB prevents the solubilization but not the solvation of P4AVP chains.
Thus, the reticulated particles can be swelled and aggregation can occur depending on the solvents
used (see below and Figure 1). Consequently, the particle size is overestimated by DLS.

To better understand the structural morphology of P4VP and [P4VPH][CI] particles, including
their sizes, dry scanning and transmission electron microscopy (SEM and TEM) images were
performed (Figure 4). As shown, the geometrical shape of particles is clearly affected by the
protonation. Indeed, the morphology of the protonated PAVP beads is rather polydispersed and have
a spherical shape with a mean diameter (Dsem) of 147 + 29 nm, regardless of the particles acidity. In
contrast, the pristine P4VP particles are more monodispersed and have an ellipsoidal shape with
major and minor diameters of 138 = 11 and 60 + 12 nm, respectively (the aspect ratio is about 2.3).

In addition, the microstructures, observed by TEM, are also affected by the protonation. Indeed, the
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protonated P4VP particles have a sponge-like amorphous morphology whereas the pristine ones
exhibit a “faceted” structure due to the presence of crystalline or pseudo- crystalline domains (see
Figure 4B). This observation can be related to the m-m stacking interactions between the aromatic
rings of P4VP leading to well-ordered regions. In contrast, the electrostatic repulsions between

pyridinium rings lead to a more amorphous porous structure (i.e. microgel texture).

39 mmolH*/g

Figure 4. Typical SEM (A) and TEM (B) images showing the effect of protonation of P4VP particles
observed after the evaporation of water by air-drying (see experimental section). The insets show the

interpretation of TEM images.

In order to compare the protonated and neutral forms, the mean equivalent diameter of the ellipsoidal
shaped P4 VP particles (D’sem, taken as the diameter of a sphere of equivalent volume to that of non-
spherical particles) is calculated using the following relation [38]:

Digpyg = 1.55 x A%625 /p0-25 (1)
where A is the area and P is the perimeter of each particle obtained from the SEM images using Image
J software (NIH, USA). The D’sem of the native P4VP particles is about 88 + 13 nm. The observed
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shape transition is consistent with an increase in the repulsive interactions due to the large fraction of
pyridinium residues present after acid treatment. Indeed, linear [P4VPH][CI] are known to have an
open morphology compared to neutral linear P4VP in order to minimize electrostatic repulsions [39].
Consequently, the transition from ellipsoidal to spherical shape is attributed in part to changes driven
by repulsion of positively charged pyridine residues since a totally open polymer morphology is
prohibited due to its reticulated nature. Moreover, as the increase in size between P4VP and
[P4VPH][CI] particles is very important (88 + 13 vs. 147 £ 29 nm, respectively), we can hypothesize
that the water molecules, strongly interact with the pyridinium groups, screening the electrostatic
repulsions and promoting the particle shape change. In this case, these water molecules directly
participate in the structural organization of [P4VPH][CI] particles. This assumption is consistent with
the thermogravimetric curves of P4VP and [P4VPH][CI] particles (see two typical examples in Figure
3C). Indeed, the weight loss of PAVP and [P4VPH][CI] particles increased gradually up to 150 °C
due to the loss of water molecules (external hydration, 8 and 2% for [P4VPH][C]] and P4 VP particles,
respectively). From 250 to about 450 °C, P4VP and [P4VPH][CI] particles show a sharper weight
loss, corresponding to the materials degradation (delayed for the pristine particles). However, it is
noteworthy that [P4VPH][CI] particles show an additional well-defined loss (mass change about 15%
between 150 and 250 °C), assigned to an elimination of internal water molecules located in the spaces
created by the repulsions between the charged pyridine residues. This observation supports the
presence of interstitial and structural water molecules inside the [P4AVPH][CI] particles which
prevents the formation of hollow ellipsoidal ones and their collapse. Consequently, the repulsions of
positively charged pyridine residues, associated with the crosslinking with DVB and to the interstitial
and structural water molecules, promote swelling of the P4VP ellipsoid to spherical shape upon
acidification.

As the protonation changes the “hydrophobicity” of P4VP particles, the solid/liquid contact angles

(0) have been measured after a liquid is spread onto a solid substrate (i.e. compressed particles).

Classically, 6 gives an excellent indication of the hydrophobicity of particles. Indeed, if the testing
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solvent is water, we have “hydrophilic” and “hydrophobic” particles for 6 < 90° and 6 > 90°,
respectively. The opposite holds for organic solvents (e.g. n-heptane). However, 0 are not easily
measurable with water and heptane due to their penetration in the internal structure of particles, thus
confirming the swelling capacity of the particles previously mentioned. In order to overcome this
problem, 0 has been determined with more viscous solvents such as glycerol and paraffin oil
(“hydrophilic” and “hydrophobic” solvents, see Figure 5). As expected the pristine P4VP is more
“hydrophobic” (112 £+ 1° and 40 + 2° for glycerol and paraffin oil, respectively) than the protonated

ones. Moreover, the “hydrophilicity” increases with the protonation degree (see Figure 5).

glycerol

paraffin oil

0 5 39
P4VP acidity (mmolH*/g)

Figure 5. Typical photographs of glycerol or paraffin oil droplets (L) deposited on a compressed
P4VP particles (S) as a function of protonation and average S/L contact angles (0av) after at least three

measurcs.

Next, the C-potential and the conductivity of the P4VP particles, after isolation and redispersion
in deionized water, were determined as a function of P4VP acidity (Figure 6). It is noteworthy that
the stability of each P4VP dispersion was also evaluated using static multiple light scattering (SLMS)
experiments by scanning over 1h the sample from the bottom to the top both in transmission and
backscattering mode (both affected by particle size and volume concentration of the dispersion).
According to the variation of light intensities over time, stability index (SI) can be calculated using
the following relation:

Sl = Zi Ynlscan; (h)};scani_l (h)] 2)
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where scani(h) and scani-1(h) are the scans of i and i-1% time at a given height (h), and H is the total

sample height. In this study, the SI values, recorded after 10 min, were also reported in Figure 6.
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Figure 6. Conductivity (k, S.D. £ 2%), C-potential (S.D. £10 %) and stability index after 10 min
(STiomin) of aqueous dispersions plotted against the acidity of P4VP particles (0.05 wt.% in deionized

water, S.D. + 6%). The red dashed line was calculated using Egs. 4 (optimized values: o." = 0.2%, ou”

=20%, and 02" = 6%).

As expected, the C-potential of all [P4VPH][CI] was positive (from +60 to +30 mV) but surprisingly,
it was decreased with increasing acidity. This reduction can be explained by an increase in the number
of chloride ions adsorbed on the particles. This assumption is in agreement with conductivity results.
Indeed, the conductivity increases with the increase of P4VP acidity with a certain slope. But at a
critical [P4VPH][CI]] acidity (Cc = 62 mmolH"/g), the slope changes. From a general point of view,
the conductivity of [P4VPH][CI] suspensions can be expressed as the sum of contributions of charged
component as:

K= X CiA 3)
where Ci and A; are the concentration and the specific conductivity of the i component (with i =
[P4VPH][CI] particles or free HCl coming from the particles dissociation). As the [P4VPH][CI]
particles are much larger than the free HCI, it can be assumed that the charged particles do not

contribute to the conductivity. As a slope change is observed at the breaking point, we can suppose

that the free concentration of H" and CI” varies below and above the critical [P4VPH][CI] acidity. By
14



taking all these considerations into account, a model for fitting the conductivity curve can be
expressed by the following set of equations:

oA CHHo N C, C <G
— { 1 C (4)

oA C ;A Cetas A (C-Ce), C > Cg
where o, ai”, and a2 are the dissociation degrees of H', and CI” below and above Cc, respectively,
A" and A" are the limiting molar ionic conductivities of H" and CI" (349.8 and 76.3 mS/cm/M,
respectively) [40], C" and C are the total concentrations of H" and CI (assuming a complete
ionization of [P4VPH][CI] particles, note that C" = C°), and Cc¢ is the total chloride concentration at
the critical [P4VPH][CI] acidity (3.1 mM for Cc = 62 mmolH"/g). For each [P4VPH][CI] particle
(varying only by its acidity), the experimental a." value can easily be estimated as the ratio between
the [H'] released by particles dispersed in water (measured using a pH-meter) and the C". The
obtained " value is found to be totally independent of the P4VP acidities (0.2 = 0.1 %). With this
result in hand, it is possible to fit the experimental conductivity data below and above Cc with the
appropriate constants (i.e. aui” and o2’) using Eqgs. 4. The conductivity curve can be well fitted by
using the model and the o™ and o™ constants can be estimated at 20 and 6%, respectively (R? =
0.9975, see Figure 6). Therefore the conductivity and (-potential measurements are in good
agreement confirming that the breaking point, observed at Cc, is due to the binding of chlorides to
the particles when the charge density increases on the particles (i.e. for P4AVP acidity > 62 mmolH"/g).
Obviously, the accumulation of chlorides onto the surface of the most acidic particles leads to the
destabilization of the sample by sedimentation (see the SI values, Figure 6). Therefore, we can predict
that the particles with the highest C-potential values (i.e. for P4VP acidity < 90 mmolH"/g) will show
higher electrostatic repulsions preventing the particles aggregation and leading to stable Pickering
emulsions.
Before studying in detail the Pickering emulsions stabilized by protonated P4VP particles, we
explored the effects of various organic solvents (i.e. oil phases) on the Pickering stabilization. Indeed,

the nature of the oil directly affecting the wetting of the particles and the emulsion stabilization, the

15



choice of the oil is therefore crucial. Obviously, the selection criterion of these oils was their complete
or high immiscibility with the aqueous phase. The investigated oils include hydrocarbons (e.g. n-
heptane and toluene), halogenated hydrocarbons (e.g. dichloromethane, DCM) and hydrogen bond
acceptor solvents (e.g. cyclopentyl methyl ether, CPME, and 2-methyl tetrahydrofuran, MTHF). The
oil ability to provide Pickering emulsions was thus correlated with the Kamlet and Taft parameters
used as descriptors of the solvent properties (H-bond donor ability, o, H-bond acceptor ability, 3, and
polarity, n*, see Figure 7). All other parameters were kept constant such as the particle concentration
(1 wt.% of [P4VPH][CI] at 14 mmolH"/g), the water/oil ratio (49.5 wt.% each) and the emulsification
process (11,500 rpm, 60 s, 25 °C). Regardless of the solvent used, pristine PAVP (used as control
experiments) never succeeds in stabilizing Pickering emulsions. As shown in Figure 7, only
hydrocarbons and halogenated hydrocarbons (n-heptane, toluene and DCM) made it possible to
obtain Pickering emulsions with an emulsion volume fraction of 100% (v/v) just after emulsification.
In contrast, CPME and MTHF provided only partial emulsions. Therefore, the emulsification ability
of oils increases in the order CPME =~ MTHF <« n-heptane = toluene =~ DCM , which is compatible
with a modulation of the local environment. Indeed, the oil polarity induces a change in the
emulsification ability due to the intermediate wettability of the [P4VPH][CI], which has hydrophilic
and hydrophobic domains (i.e. charged or uncharged pyridine units, respectively). As the stabilizing
ability of [P4AVPH][CI] is improved with non-polar oils than more polar oils (i.e. H-bond acceptor
solvents), we propose that this dependence is due to solvation and/or porosity of the particles that
allows the adsorption of non-polar solvents onto the particle surface or inside (see above). This
phenomenon can be related to the hydrophobic interactions between the non-polar molecules and the
[P4VPH][CI] hydrophobic domains (i.e. van der Waals forces). It is noteworthy that complementary
interactions such as ©-m stacking take place between the aromatic rings of [P4VPH][CI] particles and
toluene molecules. In contrast, for H-bond acceptor solvents, interactions through electrostatic forces

can be expected between the cationic pyridinium group and the oxygen atoms of the solvents. This
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solvation leads to the interfacial charge screening of the [P4VPH][Cl] making the particles too

hydrophobic to stabilize Pickering emulsions as in the case of pristine P4VP.
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Figure 7. (A) Kamlet-Taft parameters (H-bond donor ability, o, H-bond acceptor ability, 3, and
polarity, *, values taken fromref. 41) of investigated oils (CPME = cyclopentyl methyl ether, MTHF
= 2-methyl tetrahydrofuran, DCM = dichloromethane) and (B) photographs of water/oil Pickering
emulsions stabilized by [P4VPH][CI] particles at 14 mmolH"/g (49.5/49.5/1 wt.%, 11,500 rpm, 60 s,

25 °C).

Based on these observations, n-heptane-based Pickering emulsions have served as model systems
in the following discussion. Nevertheless, the observations, described below, can be extended to all
hydrocarbons and halogenated hydrocarbons. In spite of everything, it is noteworthy that a slow phase
separation is observed with time but without total phase separation for emulsions stabilized by non-
polar oils including n-heptane. Consequently, the heptane-based system was optimized to provide
stable emulsions. The general composition of the stable systems is: 5 wt.% of [P4VPH][CI] particles
supplemented with water and n-heptane (47.5 wt.% each). The emulsification was performed over 60
s at 11,500 rpm and 25 °C. In more detail, for pristine P4VP, used as a control experiment, a coarse
heterogeneous whitish phase, composed of aggregated solvated particles, was observed at mid-height
of the tube with upper heptane and lower aqueous phase. This observation confirms that P4VP

particles are too hydrophobic to stabilize Pickering emulsions. Similar behavior is observed for
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[P4VPH][CI] at 5 mmolH"/g due to an unfavorable amphiphilic balance. Indeed, despite a slight
increase in charge density by protonation, the latter remained too hydrophobic to stabilize Pickering
emulsions. As expected, for [P4VPH][CI] particles with acidity > 90 mmolH"/g, we observed systems
composed of three phases: limpid heptane, water in which some [P4VPH][CI] particles were
dispersed, and a large excess of particles at the sample bottom. Again, a disadvantageous amphiphilic
balance is observed (too hydrophilic this time). In contrast, the acidic particles between 14 and 90
mmolH"/g provided homogeneous whitish emulsions with an aqueous external phase as evidenced
by the measurement of electrical conductivity. The emulsion volume fractions, the mean droplet

diameters and some typical photomicrographs of heptane-in-water emulsions are shown in Figure 8.
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Figure 8. Emulsion volume fractions (S.D. + 2%), mean droplet diameters (S.D. + 10%) and typical
photomicrographs of heptane-in-water Pickering emulsions stabilized by [P4VPH][CI] or pristine

P4VP particles (water/heptane/particles 47.5/47.5/5 wt.%, 11,500 rpm, 60 s, 25 °C).

As it can be seen, the acidic particles of 39 mmolH /g were more effective in emulsifying heptane in
water than the three other ones (emulsion volume fraction = 100% and oil droplets =7 = 1 um). This
observation can be directly related to the optimal amphiphilic balance and to the C-potential acquired
in water (+57 £ 6 mV, see above). Indeed, this high C-potential allows a higher electrostatic repulsions
leading to the inhibition of the coalescence phenomenon. This assertion is corroborated with the

emulsion stability, since no destabilization was observed when increasing the temperature at 60 °C

for 3 hours.
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The destabilization mechanisms of the emulsions can be identified by SMLS since the

backscattered light (ABS) is related to droplet migration, droplet size and phases thickness (Figure

9A) [42].
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Figure 9. Backscattering (ABS) versus sample height and time at 25 °C (A) and shear viscosity as a
function of shear rate (B) for heptane-in-water emulsions stabilized by [P4VPH][CI] particles of

different acidity (water/heptane/particles 47.5/47.5/5 wt.%, 11,500 rpm, 60 s, 25 °C).

For the acidic particles of 14 mmolH"/g, a creaming was detected as the ABS over time decreases at
the sample’s bottom whereas the increase of ABS at the mid-height indicated a coalescence process
(i.e. droplet size variation). For the three other [P4VPH][CI] particles, a slight droplet size variation
due to coalescence was also observed. As the sample with the smallest ABS variation over time is the
most stable: the acidic particles of 39 mmolH"/g were qualitatively more stable. However, the
coalescence process cannot be considered as a true instability since it is limited. Indeed, this process
is conventionally observed when the surface of the droplets covered by the particles is partial leading
to coalescence until a compact monolayer is obtained. For instance, the emulsion stabilized by the
acidic particles of 39 mmolH"/g exhibits a long-term stability since the volume fraction was still
100% and that the mean droplet size did not change appreciably after one year at room temperature.

Moreover, even centrifugation (5,000 rpm for 20 min) failed to destabilize this emulsion. In contrast,
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for the acidic particles of 14 mmolH"/g, the creaming is undesirable because it causes difficulties to
storage and handling. In addition, this variation in stability can also be attributed to the macroscopic
texture of the emulsions which are in the form extremely thick pasty systems with the exception of
that stabilized by the acid particles of 14 mmolH"/g which give a creamy texture due to a smaller
droplet size (31 £3 vs. 7 £ 1 um, see Figure 8). These observations are perfectly corroborated with
the viscosity of the Pickering emulsions (Figure 9B). A clear divergence between the emulsion
stabilized by the acidic particles of 14 mmolH"/g and the other three is observed. Indeed, the shear
viscosity of the emulsion stabilized by the acidic particles of 39 mmolH"/g is on average 12-fold
higher than that stabilized by the acid particles of 14 mmolH"/g. This evolution seems to be dependent
on the droplet size of the emulsion: high-emulsion viscosity is obtained for very fine droplet size
(compare Figures 8 and 9B). However, the emulsions are highly viscous under storage conditions,
but exhibit low viscosity under shear rate: their viscosity is inferior to 4 Pa.s at 100 s™'.

In order to investigate the packing and ordering of the particles at the oil-water interface, SEM
experiments were performed. The heptane-in-water emulsion stabilized by [P4VPH][CI] particles at
39 mmolH"/g was deposited onto a carbon conductive adhesive tape stuck on a stub. The “ghost”
emulsion could be observed using a conventional SEM after evaporation of water and heptane-core
by air-drying and chromium coating [43]. SEM images of the “ghost” emulsion are shown in Figure
10. Interestingly, “ghost” droplets are covered by a densely packed particle layer. However, the
droplet sizes were seemed to be higher than observed ones by optical microscopy (around 15-20 vs.
7 = 1 um) probably due to an artefact due to the sample preparation prior to SEM imaging. Indeed,
the evaporation of heptane-core by air-drying could result in a greater or lesser extension of droplet
sizes in accord with the vaporization rate. For instance, if the vaporization is fast (vacuum treatment),
the emulsions structures are totally collapsed. In contrast, with an appropriate evaporation, we can
observe intact droplets (Figure 10C). As it can be seen, a careful look at the droplet surface reveals
the presence of very large [P4VPH][CI] particles whose shape and size are clearly different from

those observed after a simple aqueous dispersion (around 1-5 pm vs. 147 + 29 nm). Moreover, the
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particles are very densely packed around the droplets leading to a complex network after solvent
vaporization. However, this particles packing is impossible without very strong attractive forces

between the particles since the particles are positively charged (+57 = 6 mV, see above).

Figure 10. Macroscopic view (A), photomicrograph (B) and electron micrograph, observed by SEM
after vaporization of water and heptane-core by air-drying, (C and D) of heptane-in-water emulsion
stabilized by [P4VPH][CI] particles (water/heptane/particles 47.5/47.5/5 wt.%, 11,500 rpm, 60 s, 25

°C). The inset shows the interpretation of SEM images.

Therefore, the question is what is the origin of this attraction? A plausible explanation is that the
dense interfacial packing is due to the penetration of heptane inside the particles leading to their
swelling and to their aggregation (bridging mechanism using heptane molecules, see Figure 1).
Consequently, the particles are fused or coagulated with a loss of their initial spherical shape and an
increase in their apparent size. This assertion is confirmed by the measurement of Dn of [P4VPH][CI]
particles in heptane which provides an apparent size of 3 um (see above). The bridging mechanism
compensates for the long-ranged coulombic repulsion caused by the charges at the particle surface.
It is noteworthy that the complex network structure can be due to the capillary forces that are probably
particularly pronounced with the rough fused particles formed. Obviously, this network is involved
in the very good stability as well as in the high viscosity of the emulsion stabilized by [P4VPH][CI]

particles at 39 mmolH"/g (see above).
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Next, the destabilization of the Pickering emulsion stabilized by [P4VPH][CI] particles were
investigated due to the potential applications of this system in organic synthesis for example. Indeed,
the properties of the Pickering emulsion stabilized by [P4VPH][CI] particles at 39 mmolH"/g (i.e.
large interface area with unprecedented resistance against centrifugation and high temperatures) make
such a system of particular interest for biphasic reactions in which the stabilizing particles would act
as reagent proton, scavenger, and/or catalyst. Our physicochemical results support that the
destabilization could easily be obtained by extreme pH changes since neutral and very acid (> 90
mmolH"/g) particles are unable to stabilize Pickering emulsions (see Figure 8). In addition, ionic
strength variations also appear to be able to destabilize the emulsions since the accumulation of
chlorides onto the surface of the most acidic particles leads to the phase separation by sedimentation
(see Figure 6). For this purpose, the effect of adding aqueous solutions of HCI, NaOH or NaCl on the
Pickering emulsion stabilized by [P4VPH][CI] particles at 39 mmolH"/g is reported in Figure 11A

(room temperature without stirring).
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Figure 11. Destabilization by pH and ionic strength changes (A), and H'-scavenging activity as a
function of time and initial [H"Jo concentration in aqueous phase, (B) of heptane-in-water emulsions

(47.5 wt.% each) stabilized by [P4VPH][CI] particles at 39 mmolH"/g (5 wt.%).

As expected, the phase separations were obtained after 12 hours. On the other hand, it should be noted
that addition of neat water to the emulsions does not destabilize them (control experiment). In this
case, the emulsions are simply diluted. The particles can be washed thoroughly with demineralized
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water to remove the electrolytes (until neutral pH) and then dried before reconditioning them (see
above) in order to provide new emulsions. It is noteworthy that the size of droplet is slightly increased
after recycling (11 £ 1 vs. 7+ 1 pm) due to the low loss of particles incurred during the recovery.
Finally, since P4VP is widely used as a scavenger, we have evaluated the proton-scavenging
activity of the Pickering emulsion containing 5 wt.% of [P4VPH][CI] at 39 mmol of H" per gram.
From a theoretical point of view, 100g of such an emulsion are able to fix a maximum value of 365
mmol of H (i.e. five times the difference between the maximum capacity that can be obtained and
that of the particle used, each expressed in the form of acid density; mmol H'/g) corresponding to
7.68 M of HCI in the aqueous phase. As this value is very far from the reaction media commonly
used, we therefore tested more realistic concentrations. In addition, emulsions no longer exist at this
concentration (see above). In respect with this, two Pickering emulsions were prepared using 47.5
wt.% of aqueous HCI solution ([H o = 24 or 240 mM) supplemented with 47.5% of heptane and 5%
of particles at 39 mmolH"/g. After emulsification over 60s at 11,500 rpm, the systems were stirred at
200 rpm at 25 °C. After a given time, the free H" concentration [H']: was measured using a pH-meter
and the H'-scavenging activity was calculated as the ratio between the scavenged H" concentration,
[H"lo-[H]s, and [HJo. The H'-scavenging activity varies as a function of initial HCI concentration in
aqueous phase and as a function of time (see Figure 11B). For instance, after 5 min of contact, the
H'-scavenging activities were of 7 and 41% for 24 and 240 mM of [H"]o. On the other hand, the time
needed to obtain an activity >99% is of 240 and 20 min for 24 and 240 mM of [H"Jo. These both
observations reflect that the rate-determining step is the H" concentration and its diffusion. Moreover,
it is noteworthy that the phase separation was progressively achieved during the contact time. All
these findings show that the [P4VPH][CI] particles can be used as a route to easily manage the phase
separation in Pickering emulsions using “on-off” switches based on pH and ionic strength with

potential practical applications in synthesis [44].

4. Conclusion
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In this study, we developed oil-in-water Pickering emulsions stabilized by partially protonated
crosslinked poly(4-vinylpyridine) particles (P4VP). The charge density of particles could be finely
adjusted from 0 to 112 mmolH"/g. The physicochemical data revealed that the protonated P4VP
particles with 39 mmolH"/g were more effective in emulsifying heptane in water than pristine or
higher protonated ones. The obtained emulsion exhibited excellent stability against centrifugation
and temperature (up to 5,000 rpm and 60 °C). Nevertheless, the phase separation can be easily
controlled using “on-off” switches based on pH and ionic strength, facilitating at the same time the
particle recovery. In contrast to the previous works, which used synthesized P4VP-based microgel
particles, the raw material (i.e. crosslinked P4VP) is inexpensive, commercially available and can be
used without chemical transformation (e.g. (co)polymerization, cross-linking, grafting, etc.) to lead
to very simple and cheap responsive Pickering emulsion systems [22, 28-33]. In addition, our results
support that the degree of control arises from the swelling capacity of crosslinked P4VP particles,
confirming the commonly accepted mechanism [22-24]. Contrary to the literature data on responsive
Pickering emulsions [28-33] and in respect with the Leonardo da Vinci quote (“simplicity is the
ultimate sophistication”), our system provides a facile route to construct “on-off”” switches by simply
using P4VP cross-linked particles which possess changeable structures based on electrostatic
repulsions. Moreover, the flexibility of the proposed system could be used to load various catalytic
metal cations (such as Cu, Ru, Au, Zn, etc.) since the PAVP polymers are known to complex them
thanks to the pyridine units [45-47]. As such responsive emulsions are very attractive to perform
chemical transformations in biphasic media, in which the P4VP particles would act as a reagent,
scavenger, catalyst, and/or ligand of metal ions, work is underway in our group to develop practical

applications with significant environmental and economic perspectives in organic synthesis.
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