¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

Adsorption of sterically-stabilized diblock
copolymer nanoparticles at the oil-water
interface: effect of charged end-groups on
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The RAFT aqueous emulsion polymerization of either methyl methacrylate (MMA) or benzyl methacrylate
(BzMA) is conducted at 70 °C using poly(glycerol monomethacrylate) (PGMA) as a water-soluble precursor
to produce sterically-stabilized diblock copolymer nanoparticles of approximately 30 nm diameter.
Carboxylic acid- or morpholine-functional RAFT agents are employed to confer anionic or cationic
functionality at the ends of the PGMA stabilizer chains, with a neutral RAFT agent being used as a control.
Thus the electrophoretic footprint of such minimally-charged model nanoparticles can be adjusted simply
by varying the solution pH. Giant (mm-sized) aqueous droplets containing such nanoparticles are then
grown within a continuous phase of n-dodecane and a series of interfacial rheology measurements are
conducted. The interfacial tension between the aqueous phase and n-dodecane is strongly dependent on

Received 23rd June 2022, the charge of the terminal group on the stabilizer chains. More specifically, neutral nanoparticles produce

Accepted 21st August 2022 a significantly lower interfacial tension than either cationic or anionic nanoparticles. Moreover, adsorption
DOI: 10.1039/d2sm00835a of neutral nanoparticles at the n-dodecane—water interface produces higher interfacial elastic moduli than

that observed for charged nanoparticles. This is because neutral nanoparticles can adsorb at much higher
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Introduction

Pickering emulsions typically comprise oil or water droplets coated
with particles dispersed within water or oil respectively."” The
adsorbed particles minimize the interfacial area and provide
a physical barrier to prevent droplet coalescence.>* Compared
to small molecule surfactants, the particles are strongly
adsorbed at the oil-water interface, which leads to relatively
stable emulsions.> The surface wettability of the particles is
much more important than their bulk composition: many types
of particles have been employed as Pickering emulsifiers,
including silica,”® barium sulfate,"® magnetite,""'* clays,"*"*
carbon black,"'® latexes,"””'® microgels'>*® and sterically-
stabilized block copolymer nanoparticles.>** Pickering emulsions
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surface packing densities owing to the absence of electrostatic repulsive forces in this case.

offer important advantages over surfactant-stabilized emulsions
in terms of long-term stability, reduced foamability, enhanced
reproducibility and lower toxicity.*>® As such, they are preferred
for certain applications, including food manufacture,>>°
agrochemicals®*? and cosmetics formulations.**°

A useful model system for understanding Pickering emulsions
involves the study of individual mm-sized oil droplets.**® For
example, Wanless and co-workers used high-speed video imaging
to examine the stability and dynamics of pairs of such oil droplets
coated with polystyrene latexes,”® pH-responsive microgels***° or
diblock copolymer nanoparticles®® on close approach.*"** These
studies demonstrate that (i) isolated particle-coated oil droplets
exhibit good long-term stability and (ii) complex coalescence
dynamics are observed on short time scales when two such giant
droplets are brought into close proximity.

The interfacial properties of adsorbed species play a role
in determining their efficacy as emulsion stabilizers.**™*® The
interfacial and surface viscoelastic properties of surfactants,**~>
polymers®*™®* or nanoparticles at the air-water or oil-water
interface®®®*™® have been studied using interfacial dilatational
rheology.”®”" In this technique, an equilibrated interface is
subjected to a sinusoidal or step change deformation”>”* and
the resulting change in interfacial tension is used to determine
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the dilatational moduli, &. This parameter describes how the
interfacial tension, y, varies with surface area during deforma-
tion (AA/A,).

&= A()a
Adsorbed polymers or particles generally form viscoelastic
interfaces in which the overall modulus can be separated into
an elastic storage modulus (¢') and a viscous loss modulus (¢”).
Although most research has focused on the interfacial
rheology of adsorbed polymers,>® a significant body of work
has examined the effect of adsorbed nanoparticles.** %%7>7°
Indeed, the effect of adsorbed nanoparticles on the interfacial
properties has been the subject of some debate.®® In at least
some cases, nanoparticle adsorption appears to have minimal
effect on either the interfacial tension or the corresponding
interfacial rheology.®
Recently, the adsorption of ‘hairy’ or sterically-stabilized
nanoparticles has been shown to reduce the interfacial
tension.®>*® Similarly, both Saigal et al.®® and Huang et al.®'
showed that star copolymers comprising crosslinked divinyl-
benzene cores and poly(ethylene oxide) arms adsorbed strongly
at the oil-water interface, reduced the interfacial tension and
formed an elastic layer. Such copolymers formed stable
Pickering-type emulsions and foams even when used at rela-
tively low copolymer concentrations. In contrast, adsorbed
linear poly(ethylene oxide) had little effect on the interfacial
tension and led to essentially zero elasticity. Alvarez et al.®®
reported that the adsorption of hydrophilic silica particles
coated with a dense layer of grafted (poly(2-dimethylamino)-
ethyl methacrylate) (PDMA) chains at pH 7.5 reduced the
interfacial tension and afforded elastic interfacial layers for
the m-xylene-water system. Moreover, silica particles with lower
grafting densities had little effect on the interfacial tension.
Similarly, Manga et al.®®> demonstrated that the adsorption of
pH-responsive polystyrene nanoparticles coated with a PDMA-
based diblock copolymer was critically dependent on the degree
of protonation of the PDMA stabilizer chains, which behaved as
a weak cationic polyelectrolyte. At high pH, the neutral
(uncharged) PDMA chains promoted strong adsorption at the
hexadecane-water interface. In contrast, the PDMA chains
became highly protonated at low pH and the resulting cationic
nanoparticles had no effect on the interfacial properties.
Remarkably, stable o/w Pickering emulsions could be obtained
at both high and low pH, suggesting that interfacial tension
and rheology alone are not reliable predictors of emulsion
stability. It has been reported that interfacial dilatational
elasticity is a key parameter for preventing emulsion
coalescence*®*>*®*%°1 and Ostwald ripening.*® Nevertheless,
the precise relationship between elasticity and coalescence is
not well understood - indeed, there is at least one literature
example where a high elasticity alone does not discriminate
between good and poor emulsifying agents.®® Droplet coales-
cence is essentially a dilatational process in which the interface
becomes stretched during its rupture: Bergeron®® suggested
that differences in foam or emulsion stability can be explained

6758 | Soft Matter, 2022,18, 6757-6770

View Article Online

Soft Matter

by taking into account the dilatational viscoelastic effects with
respect to prevention of thin film thinning. For w/o emulsions
stabilized by Span 80, Carvalho and co-workers*® found that
the resistance to coalescence was related to the interfacial
dilatational properties for systems with the same interfacial
tension. Saigal et al.®® suggested that the stability of emulsions
formed by star copolymers was a result of the elastic nature of
the adsorbed layer and their high adsorption energy compared
to the analogous linear copolymers.

Herein we exploit recent advances in polymerization-
induced self-assembly (PISA)*"** to design a series of model
organic nanoparticles for a fundamental study of the effect of
surface charge on the extent of nanoparticle adsorption at the
oil-water interface and the influence of such layers on the
interfacial rheology. More specifically, reversible addition-frag-
mentation chain transfer (RAFT) polymerization®*~® is used to
prepare sterically-stabilized diblock copolymer spheres of com-
parable size in which the steric stabilizer chain-ends comprise
neutral/non-ionic, anionic or cationic groups (see Scheme 1). In
each case, RAFT aqueous emulsion polymerization is utilized to
prepare these nanoparticle dispersions. The solution pH is
adjusted to modulate the nanoparticle surface charge and then
giant (mm-sized) aqueous droplets containing such nanoparticles
are grown within an oil continuous phase (n-dodecane). It is
demonstrated that minimal nanoparticle surface charge has a
significant effect on the interfacial rheology exhibited by such
model systems.

Experimental
Materials

Glycerol monomethacrylate (GMA) was donated by GEO Specialty
Chemicals (Hythe, UK). Methyl methacrylate (MMA; 99%), benzyl
methacrylate (BzMA; 96%), 4,4’-azobis(4-cyanopentanoic acid)
(ACVA; 98%), 2,2'-azobisisobutyramide dihydrochloride (AIBA;
99%) and 2-cyano-2-propyl benzodithioate (CPDB; 97%) were
purchased from Sigma-Aldrich (UK) and used as received. 4-
Cyano-4-(2-phenylethanesulfanylthiocarbonyl)-sulfanylpentanoic
acid (PETTC) was prepared according to a literature protocol.®®
Morpholine-functionalized, trithiocarbonate-based RAFT agent
(MPETTC) was prepared according to a literature protocol.®

Synthesis of neutral (0) PGMA;, precursor by RAFT solution
polymerization in ethanol

GMA monomer (30.0 g, 187 mmol), CPDB RAFT agent (0.589 g,
2.66 mmol; target PGMA DP = 70), ACVA initiator (0.149 g,
0.53 mmol; CPBD/ACVA molar ratio = 5.0) and ethanol (46.5 g,
60% w/w) were weighed into a 250 mL round-bottom flask. The
flask was immersed in an ice bath and degassed with N, gas for
30 min. Then it was placed in an oil bath set at 70 °C and
the ensuing polymerization was quenched after 165 min by
exposing the reaction mixture to air while cooling to 20 °C. A
final GMA monomer conversion of 71% was determined by
"H NMR spectroscopy. The reaction solution was diluted with
methanol (30 mL) and then the crude polymer was precipitated

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Schematic representation of the synthesis of (a) dithiobenzoate-
capped (0) PGMAs,—PMMAg, nanoparticles, (b) carboxylic acid-functionalized
trithiocarbonate-based (—) PGMAs4s—PMMAg, nanoparticles, (c) morpholine-
functionalized trithiocarbonate-based (+) PGMA;3—PMMAgy nanoparticles,
(d) dithiobenzoate-capped (0) PGMAso—PBzMAg, nanoparticles and (e) car-
boxylic acid-functionalized trithiocarbonate-based (—) PGMAs,—PBzMAgq
nanoparticles via RAFT aqueous emulsion polymerization. Conditions: ACVA
initiator, macro-CTA/ACVA molar ratio = 5.0, and 10% w/w solids was targeted
in each case.

into a ten-fold excess of dichloromethane (three times). A mean
degree of polymerization (DP) of 50 was determined by end-
group analysis via "H NMR spectroscopy (integrated aromatic
proton signals at 7.4-7.8 ppm were compared to the methacrylic
backbone protons at 0.7-2.5 ppm). A similar protocol was
employed for the synthesis of the anionic (—) PGMA;, precursor
and the cationic (+) PGMA,g precursor by RAFT solution poly-
merization in ethanol (see ESIt for further details).

Synthesis of PGMA-PMMA nanoparticles by RAFT aqueous
emulsion polymerization of MMA

A typical protocol for the synthesis of (0) PGMA;-PMMAg,
diblock copolymer nanoparticles was as follows. The (0) PGMA;,
precursor (0.150 g, 18.2 pmol), MMA monomer (0.146 g,
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1.46 mmol, target DP = 80), ACVA initiator (1.00 mg, 3.65 umol,
PGMA;,/ACVA molar ratio = 5.0) and deionized water (2.675 g,
10% w/w solution) were added to a 20 mL round-bottom flask
and the solution was adjusted to pH 7 using 1 M NaOH. The
flask was cooled by immersion in an ice bath and the reaction
mixture was degassed with N, gas for 30 min. Then the flask was
placed in an oil bath set at 70 °C. After 3 h, it was removed from
the oil bath and the reaction mixture was quenched by exposure
to air while cooling to 20 °C. A similar protocol was employed for
the synthesis of anionic (—) PGMA;,~PMMAg, nanoparticles.
A (=) PGMA;, precursor (0.15 g, 16.7 pmol), MMA monomer
(0.134 g, 1.33 mmol, target DP = 80), ACVA (0.94 mg, 3.34 umol,
PGMA;,/ACVA molar ratio = 5.0) and deionized water (2.561 g,
10% w/w solution) were added to a 20 mL round-bottom flask
and the solution was adjusted to pH 7 using 1 M NaOH. A
similar protocol was employed for the synthesis of cationic (+)
PGMA,s-PMMAg, nanoparticles. A (+) PGMA,; precursor (0.15 g,
18.4 pmol), MMA monomer (0.148 g, 1.47 mmol, target DP = 80),
ACVA (1.03 mg, 3.69 pmol, PGMA,4/ACVA molar ratio = 5.0) and
deionized water (2.688 g, 10% w/w solution) were added to a
20 mL round-bottom flask and the solution was adjusted to pH 3
using 1 M HCL In each case, "H NMR spectroscopy studies
indicated a final MMA conversion of more than 99% and the
nanoparticles were purified by dialysis to remove trace small
molecule impurities using dialysis tubing with a molecular
weight cut-off of 3500. However, a few interfacial rheology
experiments were also performed without further purification
(see Results and discussion for further details).

Synthesis of PGMA;,-PBzMAg, nanoparticles by RAFT aqueous
emulsion polymerization of BzZMA

A typical protocol for the synthesis of neutral (0) PGMAs,-
PBzMAg, diblock copolymer nanoparticles was as follows. The
(0) PGMA;, precursor (0.150 g, 18.2 umol), BZMA monomer
(0.257 g, 1.46 mmol, target DP = 80), ACVA initiator (1.00 mg,
3.65 pmol, PGMA;,/ACVA molar ratio = 5.0) and deionized
water (3.674 g, 10% w/w solution) were added to a 20 mL
round-bottom flask and the solution was adjusted to pH 7
using 1 M NaOH. The flask was cooled by immersion in an ice
bath and the reaction mixture was degassed with N, gas for
30 min. Then the flask was placed in an oil bath set at 70 °C.
After 6 h, it was removed from the oil bath and the reaction
mixture was quenched by exposure to air while cooling to 20 °C.
"H NMR spectroscopy studies indicated a final BZMA conver-
sion of 99% and the nanoparticles were used without further
purification. A similar protocol was employed for the synthesis
of anionic (—) PGMA;,-PBzMAg, nanoparticles. The (—) PGMA;,
precursor (0.15 g, 16.7 pmol), BzMA monomer (0.235 g,
1.33 mmol, target DP = 80), ACVA (0.94 mg, 3.34 umol,
PGMA;,/ACVA molar ratio = 5.0) and deionized water (3.475 g,
10% w/w solution) were added to a 20 mL round-bottom flask
and the solution was adjusted to pH 7 using 1 M NaOH.

Dynamic light scattering

Hydrodynamic z-average diameters for 0.1% w/w aqueous dis-
persions were determined by dynamic light scattering (DLS) at
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20 °C using a Malvern Zetasizer NanoZS instrument. Scattered
light was detected at a fixed scattering angle of 173° and data
were averaged over three consecutive measurements.

Aqueous electrophoresis

Aqueous electrophoresis studies were performed using the
same Malvern Zetasizer NanoZS instrument. In this case,
0.1% w/w aqueous dispersions were analyzed at 20 °C in the
presence of 1 mM KCI as background electrolyte, with the
solution pH being adjusted as required using either NaOH or
HCI. Zeta potentials were calculated via the Henry equation
using the Smoluchowski approximation. Data were averaged
over three consecutive measurements.

Gel permeation chromatography (GPC)

Molecular weight distributions for the three PGMA precursors and
the various corresponding diblock copolymers were analyzed at
60 °C using a GPC set-up comprising two Polymer Laboratories
PL gel 5 ym Mixed-C columns connected in series with a Varian
290-LC pump injection module and a refractive index detector
at a flow rate of 1.0 mL min~". The eluent was HPLC-grade DMF
containing 10 mM LiBr and a series of near-monodisperse
PMMA standards (M, values ranging from 645 g mol ' to
618000 g mol ) were used to calibrate the instrument.

Transmission electron microscopy

Copper/palladium TEM grids (Agar Scientific, UK) were surface-
coated with a thin film of amorphous carbon. Each grid was
exposed to a plasma glow discharge for 30 s to produce a
hydrophilic surface. One 10 pL droplet of a 0.10% w/w aqueous
dispersion was carefully placed onto a grid using a micropipet
and left for 1 min before blotting to remove excess liquid. The
adsorbed nanoparticles were then stained using a 0.75% w/w
aqueous solution of uranyl formate (9.0 pL) for 20 s before
blotting to remove excess stain. Each grid was dried under
vacuum and images were recorded at 100 kV using a Philips
CM100 instrument equipped with a Gatan 1 k CCD camera.

Small-angle X-ray scattering (SAXS)

SAXS patterns were recorded for 1.0% w/w aqueous dispersions
within 2.0 mm diameter glass capillary cells over a scattering
vector g range of 0.04-0.4 A~" using a Xeuss 2.0 (Xenocs) SAXS
instrument equipped with a Dectris Pilatus 1 M detector and an
Excillum liquid gallium MetalJet X-ray source (1 = 1.34 A). The
X-ray scattering of deionized water was used for absolute
intensity calibration. Igor Pro software with the appropriate
Irena SAS macros were used for background subtraction, nor-
malization and further data analysis.*°

Interfacial tension measurements

The interfacial tension between 0.1% w/w aqueous dispersions
of various diblock copolymer nanoparticles and n-dodecane was
determined using a DataPhysics ODG20 tensiometer by optical
profilometry. The pH-sensitive nanoparticles were analyzed at
pH 3 and pH 7, while the non-ionic nanoparticles were examined
at pH 7 alone. Droplets of the aqueous copolymer dispersions
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were formed in n-dodecane with the aid of an Agla micrometer
screw gauge using a 1.0 mL syringe equipped with a 1.65 mm
o.d. needle. The droplet volume was approximately 20 mm?® and
the droplets were formed on a timescale of 1-2 s. Once the
aqueous droplet had been formed, its shape was analyzed at 1 s
intervals using software provided by the instrument manufac-
turer to determine the change in interfacial tension over time.
The interfacial tension of the bare n-dodecane-water interface
was 52 mN m~', which is in satisfactory agreement with litera-
ture data.”" All measurements were performed at 21.0 £ 0.5 °C.

Interfacial rheology measurements

Interfacial dilatational moduli for the adsorbed nanoparticles
at the n-dodecane/water interface were determined for the same
aqueous droplets that were used for the initial interfacial
tension measurements. These droplets were allowed to reach
equilibrium overnight (ca. 17 h), with the interfacial tension
showing no significant further time dependence. Equilibrated
droplets were then dilated using the micrometer syringe such that
the interfacial area was increased by 5-12% within 0.50 seconds.
The interfacial tension increased during droplet expansion and
subsequently decayed over time as the interface was allowed to
regain its equilibrium state. The droplet shape was recorded as
a video both before and for 20 000 seconds after the expansion.
The video frame rate was reduced exponentially from an initial
rate of 12.5 frames per second to 0.125 frames per second. The
resulting videos were analyzed using the instrument software
for both droplet area and interfacial tension, which allowed
both the fractional increase in interfacial area, AA/A,, and the
temporal decay in interfacial tension, Ay(¢), to be determined.
The full decay function f(¢) (= AgAy(t)/AA) versus time was fitted
to either a triple exponential decay function or to two separate
triple exponential decay functions using the data analysis
package Origin (version 6). This approach enabled the data
to be reproduced at 200 ms intervals over the entire decay
period of 20 000 seconds, with this constant time interval being
required for the data analysis. For the two-part fitting, the decay
was split into two parts spanning 0 to 200 seconds and 200 to
20000 seconds. This protocol was implemented in cases where
the initial decay curve was too steep for the whole curve to be
satisfactorily fitted. This approach was required for the two
non-ionic nanoparticles and also for the three pH-sensitive
nanoparticles in their uncharged form. The fitted curves were
converted to frequency-dependent elastic and viscous moduli
in the frequency range of 4 x 107> to 1.0 rad s~ " by calculating
the Fourier transform of the decay curve via numerical integra-
tion within Excel (further details are provided in the ESIY).

Results and discussion

Synthesis and characterization of spherical diblock copolymer
nanoparticles

Three PGMA precursors were prepared via RAFT solution poly-
merization of GMA in ethanol using the following RAFT
agents in turn: neutral CPDB,*" carboxylic acid-functionalized

This journal is © The Royal Society of Chemistry 2022
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PETTC®? and morpholine-functionalized MPETTC.* End-group
analysis by "H NMR spectroscopy indicated mean PGMA DPs of
50, 54 and 48, respectively. Each PGMA precursor was then
subsequently chain-extended via RAFT aqueous emulsion
polymerization of either methyl methacrylate (MMA) or benzyl
methacrylate (BzZMA) at 70 °C using an ACVA initiator and a core-
forming block DP of 80 was targeted in each case. The corres-
ponding chemical structures and schematic cartoons for the
resulting sterically-stabilized diblock copolymer nanoparticles
are summarized in Scheme 1.

A shorthand notation is used to denote each type of nano-
particle: ‘(0) refers to permanently neutral nanoparticles
prepared using CPDB, ‘{(—)’ refers to nanoparticles prepared using
PETTC and ‘(+)’ refers nanoparticles prepared using MPETTC.
Thus the {(—)’ and ‘(+) is a reminder that such nanoparticles may
acquire either anionic or cationic surface charge with appropriate
adjustment of the solution pH, rather than indicating the actual
surface charge for a given set of conditions. In this context, it is
worth bearing in mind that the pK, values for the terminal
carboxylic acid and protonated morpholine groups are 4.7 and
6.3 respectively, as previously reported.®>**

TEM studies confirmed that spherical nanoparticles were
obtained for each PISA synthesis (Table 1 and Fig. 1). Furthermore,
dynamic light scattering (DLS) analysis indicated that these
sterically-stabilized nanoparticles had hydrodynamic z-average
diameters ranging between 28 and 33 nm and relatively low DLS
polydispersities (Table 1 and Fig. 1). SAXS patterns (Fig. 2) were
fitted using a well-known spherical micelle model®® to determine
the mean core diameter and an associated standard deviation for
each type of nanoparticle (Table 1). As expected, the core diameters
determined for the three types of PGMA-PMMA nanoparticles and
(—) PGMA;,-PBzMAg, nanoparticles were comparable at 14.5 nm to
15.9 nm. However, the (0) PGMA5,-PBzMAg, nanoparticles had an
unexpectedly larger mean core diameter of 20.5 nm.

Aqueous electrophoresis studies were undertaken on the
PGMA-PMMA nanoparticles prepared using three different
RAFT agents (Fig. 3). As expected, the (0) PGMA;,—-PMMAg,
diblock copolymers exhibited zeta potentials close to zero (i.e.,
—2 to —3 mV) across the entire pH range owing to the non-ionic
nature of the end-groups on the steric stabilizer chains. In
contrast, the terminal morpholine groups confer cationic char-
acter on the (+) PGMA ;3-PMMAg, nanoparticles, which had zeta
potentials of around +12 to +15 mV below pH 5. The (-)
PGMA;,-PMMAg, nanoparticles exhibited complementary
behavior: ionization leads to the formation of an anionic
carboxylate end-group, which confers a negative zeta potential
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Fig. 1 (a) DLS intensity-average size distributions and (b—f) representative

TEM images obtained for (0) PGMAsg—PMMAgq (black), (—) PGMAs,—
PMMAg (blue), (+) PGMA—PMMAg (red), (0) PGMAso—PBzMAg, (purple)
nanoparticles and (—) PGMAs,—PBzMAgq (orange).

(approximately —15 mV). In a related recent study, we reported that
a similar series of three sterically-stabilized PGMA-PTFEMA nano-
particles exhibited strongly pH-dependent behavior when employed
as emulsifiers for the preparation of n-dodecane-in-water Pickering
nanoemulsions.” More specifically, charged nanoparticles
adsorbed less efficiently at the oil-water interface than neutral
nanoparticles. Moreover, nanoemulsion droplets prepared using
the former nanoparticles exhibited significantly poorer long-term
stability as judged by analytical centrifugation. These observations
informed our current study, which is focused on interfacial rheology
studies of mm-sized aqueous droplets grown in n-dodecane.

Table 1 Summary of mean hydrodynamic z-average diameters determined by DLS and core diameters calculated from SAXS analysis of (0) PGMAso—
PMMAgo, (=) PGMAs4—PMMAg, (+) PGMA,45—PMMAg, (0) PGMAso—-PBzMAgg and (—) PGMAs,—PBzMAgy nanoparticles

Diblock copolymer composition RAFT agent DLS z-average diameter/nm DLS polydispersity TEM morphology SAXS core diameter/nm
(0) PGMA5,-PMMAg, CPDB 29 0.04 Spheres 15.7 £ 1.9
(=) PGMAs,~PMMAg, PETTC 28 0.06 Spheres 15.9 + 2.8
(+) PGMA,;5-PMMAg, MPETTC 33 0.09 Spheres 14.5 + 3.3
(0) PGMA,-PBzMAg, CPDB 33 0.04 Spheres 20.5 + 2.0
(=) PGMA;,~PBzMAg, PETTC 30 0.06 Spheres 152 + 2.8

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 SAXS patterns recorded for 1.0% w/w aqueous dispersions of (0)
PGMAs5o—PMMAgg, (=) PGMAs;—PMMAgq, (0) PGMAso—PBzMAgo and (—)
PGMAs4—PBzMAgq nanoparticles at pH 7. In contrast, the SAXS pattern for
the (+) PGMA48—PMMAgq nanoparticles (red curve) was recorded at pH 5.
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Fig. 3 Zeta potential vs pH curves constructed for dilute aqueous dis-
persions of: (a) (+) PGMA4s—PMMAgy nanoparticles prepared using the
morpholine-functionalized PGMA,4g precursor; (b) (0) PGMAso—PMMAgq
nanoparticles prepared using the non-ionic PGMAsy precursor; (c) (-)
PGMAs,—PMMAg, nanoparticles prepared using the carboxylic acid-
functionalized PGMAs, precursor.

Interfacial tension measurements

Interfacial adsorption of surfactants, polymers or nanoparticles
at a surface necessarily depletes their concentration in the bulk
solution. This is potentially problematic when the surface-
active species is contained within a 20 mm?® droplet of relatively
large surface area, as is the case herein for the interfacial
tension experiments on diblock copolymer nanoparticles. This
effect becomes increasingly important at low nanoparticle
concentrations. However, the copolymer concentration is
0.1% w/w, which is sufficiently high for this issue to be
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negligible. More specifically, if the adsorbed amount is of the
order of 5 mg m~? (which is a realistic value for adsorbed
nanoparticles) and the actual droplet volume and surface area
are 20 mm?® and 30 mm? respectively, then we calculate that the
adsorbed amount is of the order of 1% of the total number of
nanoparticles within the aqueous droplet. Thus, interfacial
adsorption leads to a minimal change in the concentration of
non-adsorbed nanoparticles.

Fig. 4 shows the time-dependent dynamic surface tension
curves obtained for a series of 20 mm?® aqueous droplets
containing 0.1% nanoparticles formed in n-dodecane. Clearly,
nanoparticle adsorption at the water/n-dodecane significantly
reduces the interfacial tension compared to that for the bare
n-dodecane-water interface (52 mN m ™). Similar observations
have been reported for polymer-grafted silica or polystyrene
particles by Alvarez et al.®® and Manga et al.®® In the present
study, both the magnitude and the initial rate of reduction in
the dynamic interfacial tension depend markedly on whether
the steric stabilizer chains contain a neutral or a charged end-
group. For the non-ionic (0) PGMA;,—-PMMAg, and (0) PGMA;,—
PBzMAg, nanoparticles, a rapid initial reduction in dynamic
interfacial tension to below 40 mN m™" was achieved within
approximately 5 s. It is perhaps worth emphasizing that droplet
formation took ca. 1-2 s. Within this short time frame, sufficient
neutral nanoparticles had adsorbed at the n-dodecane-water
interface to reduce the dynamic interfacial tension to well below
that of pure n-dodecane. Similar behavior was observed with
nanoparticles bearing terminal carboxylic acid or morpholine
groups, provided that each of these groups was present in their
uncharged form. However, we cannot rule out specific end-group
effects on the interfacial tension because the morpholine- and
the carboxylic acid-functionalized nanoparticles each exhibited a
faster initial reduction in dynamic interfacial tension in their
uncharged form compared to the permanently non-ionic nano-
particles bearing isobutyrylnitrile end-groups. On the other
hand, minor differences in the nanoparticle core diameter
and/or PGMA chain length may also influence both the magni-
tude and the rate of reduction of the dynamic interfacial tension.
In this context, nanoparticles bearing either neutral or carboxylic
acid end-groups exhibited almost identical PMMA-core dia-
meters of 15.9 and 15.7 nm respectively, whereas the PBzMA-
core nanoparticles bearing neutral end-groups had a somewhat
larger mean core diameter of 20.5 nm.

When allowed to equilibrate overnight (approximately 17 h),
each nanoparticle dispersion exhibited a further modest
reduction in interfacial tension of 1-3 mN m™* compared to
that observed after 2500 s. Saigal et al. reported a similarly slow
reduction in interfacial tension when allowing star copolymers
comprising divinylbenzene cores and poly(ethylene oxide) arms
to equilibrate overnight at the water/m-xylene interface.®® For
all three pH-sensitive nanoparticles, the charged nanoparticles
exhibited a higher interfacial tension relative to the corres-
ponding neutral nanoparticles. The lowest interfacial tension
was obtained for the neutral PBzZMA-core nanoparticles and all
of the neutral nanoparticles had interfacial tensions in the
20.9-25.0 mN m~' range. Moreover, the morpholine-bearing
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Fig. 4 Initial interfacial tension vs. time curves recorded for 20 mm?
droplets immersed in n-dodecane, where the droplet phase comprises
the following 0.1% w/w aqueous copolymer dispersions. (a) (0) PGMAsy—
PMMAgo nanoparticles prepared using the non-ionic PGMAsq precursor
and (=) PGMAs4—PMMAg, (pH 7, anionic) nanoparticles and (—) PGMAs,—
PMMAgq (pH 3, neutral) nanoparticles prepared using the carboxylic acid-
functionalized PGMAs4 precursor. (b) (0) PGMAso—PMMAgo nanoparticles
prepared using the non-ionic PGMAsq precursor and (+) PGMA45—PMMAgq
(pH 3, cationic) nanoparticles and (+) PGMA4g—PMMAgq (pH 7, neutral)
nanoparticles prepared using the morpholine-functionalized PGMA4g
precursor. (c) (0) PGMAso—PBzMAgy nanoparticles prepared using the
non-ionic PGMAsq precursor, (—) PGMAs4—PBzMAgq (pH 7, anionic) nano-
particles and (—) PGMAs4,—PBzMAgo (pH 3, neutral) nanoparticles prepared
using the carboxylic acid-functionalized PGMAs,4 precursor.
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PMMA-core nanoparticles exhibited lower interfacial tensions
at both pH 3 and pH 7 compared to the corresponding
carboxylic acid-bearing PMMA-core nanoparticles. More speci-
fically, the former nanoparticles had an interfacial tension of
20.9 mN m ™' while the latter nanoparticles had an interfacial
tension of 25 mN m™' in their respective neutral forms.
Similarly, the cationic morpholine-capped and anionic
carboxylate-capped PMMA-core nanoparticles exhibited inter-
facial tensions of 29.5 mN m ™" and 35.6 mN m™ " respectively.
Clearly, the introduction of terminal ionic groups significantly
reduces the propensity for such sterically-stabilized nano-
particles to adsorb at the n-dodecane-water interface.

Furthermore, the carboxylic acid-capped PBzMA-core nano-
particles exhibited comparable equilibrium dynamic interfacial
tension data at pH 3 and pH 7 to that observed for the corres-
ponding carboxylic acid-capped PMMA-core nanoparticles. This
suggests that the nature of the core-forming block has little or no
influence on the interfacial adsorption behavior. Finally, the
slightly lower dynamic interfacial tension data obtained for the
morpholine-capped nanoparticles suggests that this terminal
group is marginally more hydrophobic in its neutral form than
the corresponding carboxylic acid end-group.

Clearly, there are subtle differences between the five exam-
ples of uncharged nanoparticles, which reduce the equilibrium
n-dodecane/water interfacial tension to approximately 20-
26 mN m ™' (see Table 2). This is attributed to a combination
of end-group effects, and differing degrees of polymerization of
the steric stabilizer and core-forming chains (with the latter two
parameters affecting both the mean core radius and the num-
ber concentration of the nanoparticles). More importantly,
neutral nanoparticles exhibit faster initial adsorption kinetics
and significantly lower equilibrium interfacial tension (by
approximately 8-11 mN m™ ') than either cationic or anionic
nanoparticles. Recently, we reported that the adsorbed amount
of closely related sterically-stabilized diblock copolymer nano-
particles at the surface of n-dodecane droplets was sensitive to
whether the morpholine or carboxylic acid end-groups had
acquired charge, with the neutral form of such nanoparticles
exhibiting approximately twice the surface coverage compared to
the analogous charged nanoparticles.’* The same pH-dependent
adsorption behavior at an oil/water interface is expected for the
morpholine- and carboxylic acid-functionalized nanoparticles
described herein, which accounts for the striking differences in
the equilibrium interfacial tension. Similarly, the differing
initial rates of lowering the interfacial tension are attributed
to mutual electrostatic repulsion between charged nano-
particles adsorbed at the oil-water interface. Thus, initial
adsorption is diffusion-controlled since the adsorbed charged
nanoparticles are effectively isolated from each other at very
low surface coverage. However, the gradual accumulation of
charged nanoparticles at the oil-water interface eventually
leads to the electrostatic repulsion of incoming nanoparticles,
leading to an effective activation energy for adsorption
and a significantly lower final surface coverage compared
to that achieved when using the corresponding neutral
nanoparticles.
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Table 2 Summary of the equilibrium interfacial tension data and high
frequency moduli, f(0), determined for nanoparticles adsorbed at the
surface of a 20 mm® aqueous droplet immersed in n-dodecane for the
following systems: neutral (ie. (0) PGMAsg—PMMAgy and (0) PGMAgo—
PBzMAgp), carboxylic acid-functionalized (—) PGMAs4—PMMAgo and (—)
PGMAs,—PBzMAgy or morpholine-functionalized (+) PGMA4g—PMMAgq
nanoparticles at either pH 3 or pH 7. Data in bold refer to charged (anionic
or cationic) nanoparticles

Equilibrium interfacial High frequency elastic
tension/mN m ™" modulus, B(0)/mN m ™"

Diblock copolymer

composition pPH 3 pPH 7 pPH 3 pH7

(0) PGMA;(-PMMAg, — 226 +11 — 41 +7
(-) PGMA;,~-PMMAg, 25.0 + 1.1 35.6 + 1.6 26 & 3 12 +2
(+) PGMA,s-PMMAg, 29.5 + 1.5 21.5+0.8 15+ 2 62 + 13
(0) PGMA5,-PBzMAg, — 209 + 0.1 — 127 + 72
(=) PGMA;,~PBzMAg, 23.1 + 1.2 34.6 £0.9 44 +8 85 +2.0

Interfacial rheology measurements

Fig. 5 shows a representative plot of interfacial tension before
and after volumetric expansion of an aqueous 20 mm? droplet
of a 0.1% w/w copolymer dispersion immersed in n-dodecane,
with a 5-10% change in surface area occurring within a time-
scale of 500 ms. This expansion causes the interfacial tension to
increase by an amount that depends on both the interfacial
modulus and the fractional increase in surface area.

Fig. 6 shows the decay function, (¢) over time observed for a
20 mm? droplet containing a 0.1% w/w aqueous dispersion of
(=) PGMA;5,-PMMAg, nanoparticles immersed in n-dodecane.
Clearly, the decay timescale is pH-dependent: the interfacial
tension returns close to its equilibrium value within 18000 s
(5.0 h) for the anionic nanoparticles at pH 7, whereas full
relaxation had not occurred within 21 000 s (5.8 h) for the neutral
nanoparticles at pH 3. The pH 7 data set has greater scatter
owing to the smaller change in interfacial tension compared to
that at pH 3 and the experimental error in the interfacial tension
is magnified when normalized to the fractional change in
droplet surface area.
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Fig. 5 Initial response of interfacial tension with time to the applied step

change in droplet surface area at zero time for a 20 mm? droplet contain-
ing a 0.1% w/w aqueous dispersion of (0) PGMAso—PMMAgq nanoparticles
at pH 7 immersed in n-dodecane.
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For all systems studied herein, an initial rapid decay was
followed by a more gradual reduction. The initial value of the
decay function, f(0), is essentially the high frequency modulus
of the adsorbed layer of nanoparticles at the oil/water interface
and these data are summarized in Table 2. This parameter is
pH-sensitive: significantly larger values are observed for neutral
nanoparticles compared to charged nanoparticles. Such moduli
are subject to relatively large experimental uncertainty owing to
the steep initial decay plus variation in the step change for the
droplet surface area. The widest range of f(0) values was
observed for the (0) PGMA;,-PBzMAg, nanoparticles but the
reason for the relatively poor reproducibility in this particular
case is not clear. Given these caveats, the high frequency
moduli are best viewed as indicators of relative differences
between various types of nanoparticles, rather than absolute
parameters. To better understand the interfacial behavior of
the nanoparticles, the f(f) decay curves were subjected to
Fourier transform analysis to determine their elastic and vis-
cous components; these two parameters are obtained over
much longer timescales and are hence more consistent.”>”*
The magnitude of the initial rise in f(¢) on droplet expansion
reflects the high frequency elastic response of the adsorbed
layer of nanoparticles as the interfacial excess is reduced. The
decay back to the equilibrium interfacial tension represents the
viscous response and depends on relaxation processes: over
short time scales, this is likely to be dominated by rearrange-
ment of the adsorbed steric stabilizer chains.’® Alvarez et al.®®
partly ascribed the frequency-independent elastic modulus (i.e.
no viscous relaxation) of adsorbed silica nanoparticles bearing
grafted PDMA chains to the lack of exchange between the
adsorbed nanoparticles and the bulk solution on the timescale
of their measurements (1.9-25 rad s '). Facile transfer of
nanoparticles to and from the interface during oscillation
reduces the variation in interfacial tension during oscillation,
leading to increasingly viscoelastic (rather than purely elastic)
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Decay function, B(t) (mN m™)
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Fig. 6 Variation in the decay function (t) over time for a 20 mm? droplet
containing a 0.1% w/w aqueous dispersion of (=) PGMAs;—PMMAgq
nanoparticles at either pH 3 or pH 7 immersed in n-dodecane.
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behavior. However, over the longer time scales employed for the
relaxation measurements reported herein, nanoparticle adsorp-
tion from the bulk solution is expected to restore the original
nanoparticle surface coverage, thus facilitating relaxation back
to equilibrium.

The magnitudes of the interfacial elastic moduli obtained
for the various adsorbed nanoparticle layers — both as a func-
tion of angular frequency (Fig. 7) and at a fixed arbitrary
frequency (see Table 3 overleaf) - are strongly dependent on
the solution pH for the morpholine- or carboxylic acid-
functionalized PMMA-core nanoparticles. Similar behavior
was observed for the carboxylic acid-functionalized PBzMA-
core nanoparticles, although the moduli were somewhat lower
in this case. However, adsorption of the neutral (0) PGMA;,-
PBzMAg, nanoparticles resulted in a significantly higher mod-
ulus (58.9 mN m ™ '; see Table 3) than that for the corresponding
neutral (0) PMMA-core nanoparticles (27.9 mN m™ '), although
the differing nanoparticle core diameters (15.7 vs. 20.5 nm)
complicates this comparison. The neutral PMMA-core nano-
particles exhibited broadly similar behavior to that of the
carboxylic acid- or morpholine-functionalized nanoparticles
in their uncharged form, with moduli ranging from 10 to
60 mN m~". In contrast, the moduli for the corresponding
charged form of the latter two types of nanoparticles varied
from 0 to 10 mN m ™" over the same frequency range.

Interestingly, the adsorbed non-ionic (0) PGMA5,-PBzMAg,
nanoparticles exhibited much higher interfacial elastic moduli
than the other types of nanoparticles but there was significantly
greater data scatter between runs for the former system.
Moreover, the adsorbed (—) PGMA;,-PBzMAg, nanoparticles
exhibited much lower interfacial elastic moduli than the
corresponding permanently neutral (0) PGMA;,-PBzMAg,
nanoparticles, regardless of the solution pH (see Fig. 7c). The
reason(s) for this difference are not clear but such comparisons
are complicated by differences in the nanoparticle core dia-
meter, as noted above.

The frequency dependence for the elastic modulus of the
adsorbed layer suggests that different processes are relevant at
differing relaxation timescales for the adsorbed nanoparticles.
At low frequencies (i.e. long relaxation times), nanoparticle
adsorption from the bulk solution restores the nanoparticle
surface coverage to its original equilibrium value.

At higher frequencies, the timescale becomes too short for
nanoparticle adsorption to occur. In this case, the interface
becomes almost entirely elastic in its response. Instead, relaxa-
tion must be attributed to changes in conformation for the
steric stabilizer chains at the surface of the adsorbed nano-
particles. The high elasticity of the nanoparticle-laden interface is
indicated by the phase angle (¢), which is given by tan ¢ = ¢"/¢'.
Phase angle vs. frequency plots are shown in Fig. 8. A purely
elastic interfacial layer should exhibit a phase angle of zero. The
neutral (0) PGMA;,-PMMAg, nanoparticles approached this limit-
ing value at high frequency. More specifically, phase angles
were less than 10° at frequencies above 107> rad s ' (see
Table 3 for typical values determined at an arbitrary frequency
of 0.125 rad s '), suggesting that no significant additional
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Fig. 7 Interfacial elastic modulus vs. angular frequency curves obtained
for 20 mm? droplets immersed in n-dodecane, where the droplet phase
comprises the following 0.1% w/w agueous copolymer dispersions. (a) (0)
PGMAso—PMMAgo nanoparticles, (—) PGMAs;,—PMMAgy (pH 7, anionic)
nanoparticles and (—) PGMAs4—PMMAgq (pH 3, neutral) nanoparticles. (b)
(0) PGMAs5o—PMMAg nanoparticles, (+) PGMA,g—PMMAgq (pH 3, cationic)
nanoparticles and (+) PGMA48—-PMMAgq (pH 7, neutral) nanoparticles. (c)
(0) PGMAs0—PBzMAgo nanoparticles, (—) PGMAs,—PBzMAg (pH 7, anionic)
nanoparticles and (—) PGMAs4—PBzMAg, (pH 3, neutral) nanoparticles.
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Table 3 Summary of interfacial elastic moduli (¢), viscous moduli (¢”) and
phase angle (¢) obtained at an arbitrary angular frequency of 0.125 rad s~ for
20 mm? droplets immersed in n-dodecane, where the droplet phase com-
prises the following 0.1% w/w agqueous copolymer dispersions in turn: (0)
PGMAs,-PMMAg, (—) PGMAs,~PMMAgy, (+) PGMA45~PMMAg, (0) PGMAs—
PBzMAgo and (—) PGMAs;—PBzMAgy nanoparticles at pH 3 and pH 7. Data
shown in bold refer to charged (i.e., anionic or cationic) nanoparticles

! -1 1" -1 o
Diblock copolymer ¢//mN m ¢’/mN m Phase angle ¢/
composition pH3 pH7 pH3 pH7 pH3 pPH 7
(0) PGMA;-PMMAg, — 279 — 36 — 7.3
(-) PGMAs,-PMMAy, 21.4 102 017 074 0.46 41
(+) PGMA,s-PMMAy, 13.8 40.3 0.8 7.50 0.80 10.5
(0) PGMA;(-PBzMAg, — 58.9 — 13.8 — 13.1
(-) PGMA;,-PBzMAg, 14.0 6.8 250 012 10.3 1.00

adsorption occurs on this timescale. In contrast, higher phase
angles (ca. 20°) are observed at lower frequencies (10~ rad s~ ).
The morpholine- and carboxylic acid-functionalized nanoparticles
exhibited broadly similar behavior in their neutral form to that
observed for the permanently non-ionic nanoparticles. In con-
trast, a rapid increase in phase angle up to 70° was observed for
the corresponding cationic or anionic nanoparticles in the low-
frequency regime, which indicates a greater viscous component for
the rheological response (a purely viscous response has a phase
angle of 90°). This suggests that interfacial adsorption of additional
charged nanoparticles to restore the surface coverage to its former
equilibrium value occurs over longer timescales (or lower frequen-
cies). This important point is discussed in more detail below.

The relaxation measurements on aqueous droplets after
equilibration overnight were supplemented by oscillatory dila-
tation studies (see Fig. S4 and S5, ESIt). Owing to instrumental
limitations, such measurements could not be equilibrated
overnight but were instead performed on systems that had
been allowed to partially equilibrate for 2 h. The effect of
varying the solution pH on the interfacial moduli and inter-
facial tension was consistent with the relaxation data, despite
the slightly higher interfacial tensions (+1-3 mN m™') and
10-20% lower moduli compared to fully equilibrated systems.
The same approach was used to compare the effect of dialysis
on a 0.1% w/w aqueous dispersion of (—) PGMA;,~PMMAg,
nanoparticles in their anionic form at pH 7. Interestingly, no
significant difference was observed for the moduli obtained for
dialyzed and undialyzed nanoparticles (see ESIt).

Although such changes in interfacial tension and moduli are
comparable to those reported by Manga et al.,*® the differences
observed herein are more subtle. This is because each PDMA
steric stabilizer chain grafted to the silica particles employed by
Manga et al. contains many tertiary amine repeat units, which
leads to a relatively high charge density at low pH. In contrast,
the sterically-stabilized nanoparticles used in the present study
possess a single pH-sensitive end-group on each steric stabilizer
chain. Thus this represents a model system comprising
minimally-charged nanoparticles. Manga et al.®® reported an
electrophoretic mobility for their charged PDMA-grafted silica
particles of 3.5-4.0 um cm V' s™' at low pH, which corre-
sponds to a zeta potential of around +44 to +50 mV according to

6766 | Soft Matter, 2022,18, 6757-6770

View Article Online

Soft Matter

(a)

B0k % —o— (=) PGMAg4-PMMAg (pH 7, anionic)
704 D\ —e— (=) PGMAg4-PMMAg, (pH 3, neutral)
O: 604 o —— (0) PGMAso-PMMAso (neutral)
<
@ 50-
3
© 40
a
8 30
[- %
20
10 -
=8 00 Ce.
0- 0:00"=ji\DD:l oo
10*  10° 10 10 10°
Angular frequency (rad s}
(b)
70 - : —o— (+) PGMA43-PMMAg (pH 3, cationic)
- \ —e— (+) PGMA,5-PMMAg, (pH 7, neutral)
] L —e—(0) PGMAso-PMMAg, (neutral)
o ‘-\“
° 50 \
) \
& 40
(= \
© \
§ 30 - .'\.\ \
= \ L
a 20 /..\\m\\ A
[ 3 o \D
10- e g ** % e,
* Teet B0 ne gy, se-oe
. s M E_ga_ii Q?BE;;: o..\::\.
10 103 102 10? 10°

Angular frequency (rad s}

Fig. 8 Phase angle, ¢, vs. angular frequency curves obtained for 0.1% w/w
aqueous dispersions of the following nanoparticles adsorbed at the
n-dodecane—water interface. (a) (0) PGMAso—PMMAgo nanoparticles, (—)
PGMAs5,—PMMAgq (pH 7, anionic) nanoparticles and (—) PGMAs4—PMMAgq
(pH 3, neutral) nanoparticles. (b) (0) PGMAso—PMMAgo nanoparticles, (+)
PGMA45—PMMAgq (pH 3, cationic) nanoparticles and (+) PGMA,g—PMMAgq
(pH 7, neutral) nanoparticles.

the Smoluchowski approximation.® In contrast, the maximum
zeta potential observed for the cationic (or anionic) nano-
particles used in the present study is either +15 mV or —15 mV
owing to protonation of the morpholine end-group or ionization
of the carboxylic acid end-group, respectively. Nevertheless, such
minimal surface charge is sufficient to cause a significant
reduction in the surface coverage of the aqueous droplets, which
results in discernible differences in the interfacial tension and
interfacial modulus compared to data obtained for the corres-
ponding neutral nanoparticles.

Manga et al®® attributed the differences in elasticity
observed for their cationic and neutral nanoparticles to entan-
glements between the steric stabilizer chains. They determined
interfacial moduli using the oscillating drop method and
suggested that the neutral steric stabilizer chains became

This journal is © The Royal Society of Chemistry 2022
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entangled and disentangled during the change in surface area
induced by the sinusoidal oscillation. This led to a strong
elastic response, whereas the corresponding cationic chains
had no tendency to become entangled owing to electrostatic
repulsion, thus producing a relatively low elasticity. However,
an alternative explanation is that the elastic response simply
arises from a change in the surface excess of the adsorbed
nanoparticles and the accompanying change in interfacial
tension, either during oscillation or a step change in the
surface area.

The interfacial elastic modulus of the adsorbed layer of
nanoparticles depends on the change in interfacial tension
with surface coverage. Lateral interactions between adsorbed
nanoparticles contribute to the interfacial tension and these
may be either attractive or repulsive in nature. Such lateral
interactions contribute to the interfacial pressure, m, where
T =179 — y and y, is the interfacial tension for the bare interface.
For example, octadecylamine adsorbed in its neutral form has
virtually zero surface pressure at interfacial areas greater than
24 A% per molecule. For smaller interfacial areas, the close
proximity of neighbouring adsorbed molecules leads to strong
lateral steric interactions and a very steep increase in surface
pressure.’® In contrast, charged molecules (or nanoparticles)
exhibit long-range effects. For example, long-range repulsive
interactions and high surface pressures at large interfacial
areas are observed for polyethylene nanocrystals comprising
one carboxylic acid per 45 carbon atoms once this substituent
undergoes ionization on raising the solution pH.”” However,
such long-range interactions are much softer than the steric
interactions reported for octadecylamine. In the case of the
sterically-stabilized nanoparticles reported herein, the attrac-
tive van der Waals interactions between the hydrophobic
PMMA (or PBzMA) cores should be offset by the steric or
electrosteric repulsive interactions between the solvated neutral
or charged stabilizer chains. For close-packed neutral nano-
particles adsorbed at an oil-water interface, a purely steric
interaction should produce a relatively steep potential that is
strongly dependent on the interparticle distance. Thus, even a
modest expansion of the droplet surface area should lead to a
significant reduction in the magnitude of this steric repulsive
term and a lower interfacial pressure (in the absence of any
nanoparticle adsorption from the bulk solution). In the case of
adsorbed charged nanoparticles, the interparticle separation
distance is greater owing to the lower adsorbed amount. Hence
the electrosteric interaction is expected to be a much softer
potential that is less sensitive to small changes in the inter-
particle separation distance. This results in the interfacial
pressure being less sensitive to a modest change in the droplet
surface area. Thus lower interfacial moduli are expected for
adsorbed layers of charged nanoparticles compared to neutral
nanoparticles. Moreover, systems comprising charged nano-
particles can relax more rapidly than their neutral nanoparticle
counterparts. This suggests that the nanoparticles adsorb from
the bulk solution to restore the surface coverage to its original
equilibrium value, which results in the interfacial moduli
exhibiting a stronger frequency dependence. In the initial

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

interfacial tension vs. time plots, charged nanoparticles adsorb
more slowly and reduce the interfacial tension to a lesser extent
than when present in their neutral form. This difference is
attributed to electrostatic repulsion between adsorbed nano-
particles and incoming nanoparticles. In contrast, the initial
adsorption of neutral nanoparticles is significantly faster owing
to the absence of this repulsive interaction. However, when
such systems are at (or close to) equilibrium, the packing and
interfacial mobility of the adsorbed nanoparticles become
important. When the interfacial area is expanded by 5-10%,
the increase in interparticle separation is small compared to
the nanoparticle radius. Thus, if an incoming nanoparticle is to
adsorb at the interface to return the (lower) surface coverage
to its former value, the adsorbed nanoparticles must undergo
co-operative lateral movement to create an adsorption site.
For charged nanoparticles, the relatively low surface coverage
(typically only 50% of that for neutral nanoparticles®) and the
soft interaction potential should allow a relatively high degree
of interfacial mobility for the adsorbed nanoparticles, which
are therefore able to rearrange themselves more readily to
accommodate an incoming nanoparticle. The higher surface
coverage for the neutral nanoparticles means that co-operative
lateral relaxation is hindered to a much greater extent, leading
to significantly slower adsorption. Such differences are mani-
fest in the phase angle data: the low phase angles observed for
the neutral nanoparticles indicates that their adsorption is slow
relative to the experimental time scale of 20000 s (or 5.6 h).
In contrast, the much higher phase angles observed at low
frequency for the charged nanoparticles indicate their facile
adsorption within 1000 to 20 000 s (0.28 to 5.6 h). These effects
are analogous to the apparent activation energy reported for
surfactant adsorption close to equilibrium by Eastoe and
Dalton.”® Surfactant adsorption is diffusion-controlled at very
low surface coverage so incoming surfactant molecules adsorb
immediately on reaching the interface. On approaching equili-
brium, the rate of surfactant adsorption is often reduced
because there is insufficient space for adsorption to occur at
any given time, which leads to an activation energy.

Conclusions

RAFT aqueous emulsion polymerization of either methyl
methacrylate or benzyl methacrylate using a water-soluble
poly(glycerol monomethacrylate) precursor enables the rational
synthesis of a series of model sterically-stabilized diblock
copolymer nanoparticles. Varying the chemical nature of the
RAFT agent in such syntheses enables an isobutyryl group, a
morpholine group or a carboxylic acid group to be placed at the
end of each non-ionic steric stabilizer chain. Thus, judicious
variation of the solution pH allows the introduction of either
cationic or anionic charge via protonation of the morpholine
group or ionization of the carboxylic acid group, respectively.
Such minimal surface charge has a profound effect on the
adsorption of such nanoparticles at the oil-water interface.
More specifically, such minimally-charged nanoparticles
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adsorb at significantly lower surface coverages and reduce the
dynamic interfacial tension much less than the corresponding
neutral nanoparticles.

Interfacial tension relaxation after rapid expansion of an
aqueous droplet enables determination of the interfacial rheol-
ogy of such nanoparticles adsorbed at the n-dodecane-water
interface. Moreover, the introduction of minimal surface
charge by varying the solution pH leads to a significant
reduction in the interfacial elastic modulus. On the other hand,
the neutral form of such morpholine- or carboxylic acid-
functionalized nanoparticles exhibit broadly similar behavior
to that of permanently neutral particles. In such cases, neutral
particles can pack much more efficiently at the oil-water
interface and hence reduce the interfacial tension to a greater
extent, resulting in a significantly more elastic interface. The
relaxation data also suggest that loosely-packed, minimally-
charged nanoparticles exhibit greater surface mobility than
well-packed neutral nanoparticles, leading to a faster relaxation
rate. Relaxation studies of systems after equilibration overnight
were consistent with oscillation measurements performed on
systems equilibrated for just 2 h.
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