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ABSTRACT: Star polymers have been gaining interest due to their tunable properties. Expand/ contract interface Oil
They have been used as effective stabilizers for Pickering emulsions. Herein, star P —>
polymers were synthesized via activators regenerated by electron transfer (ARGET) 2 T e

atom transfer radical polymerization (ATRP). Poly(ethylene oxide) (PEO) with : '
terminal a-bromoisobutyrate ATRP functionality was used as a macroinitiator and e o 0
divinylbenzene as a crosslinker for the arm-first star synthesis. Stars with PEO arms with L 7 Water
a molar mass of either 2 or S kDa had a relatively low density of grafted chains, i.e, ca.  Desorption/ & . T

0.25 chain/nm”. The properties of PEO stars adsorbed at oil—water interfaces were  Adsorption

investigated using interfacial tension and interfacial rheology. The magnitude of

interfacial tensions at oil—water interfaces depends on the nature of the oil phase, being

lower at the m-xylene/water interface than at the n-dodecane/water interface. Small differences were observed for stars with different
molecular weights of PEO arms. The overall behavior of PEO stars adsorbed at an interface can be considered as an intermediate
between a particle and a linear/branched polymer. Obtained results offer an important insight into the interfacial rheology of PEO
star polymers in the context of their application as stabilizers for Pickering emulsions.

B INTRODUCTION conventional polymer-stabilized systems.”*"*® Pickering stabi-
The adsorption of nanoparticles at interfaces has been of h?elf .em131;531§)ns wire first refilo rted .by szlmsde}zlland the?n
increasing interest, especially in relation to their use as Pickering and have been the subject of much interest in

o 1,39—41 :
recent times."’ In these systems, emulsion droplets are

stabilizers for Pickering emulsions and their interfacial
stabilized by particles adsorbed at the oil/water interface rather

rheological properties.'~’ Such nanoparticles have been

prepared by controlled radical polymerization methods such than conventional surfactants or polymers. Pickering emulsions
as atom transfer radical polymerization ( ATRP).*~'* ATRP can show great stability toward coalescence, and it arises from
techniques have been employed to prepare halry nanoparticles the hlgh adsorption energies of the particles, often of the order
of variable dimensions, including star polymers of a size of a of 1000 kT or more, and this leads to irreversible adsorption of
few nanometers.'>~>' Stars can be synthesized by core-first or the particles at the oil/water interface.”'

arm-first approach.”” >’ The latter method can employ In this paper, the properties of PEO stars based on
hydrophilic arms, such as poly(ethylene oxide) (PEO) with poly(divinylbenzene) cores with a relatively low density of
terminal @-bromoisobutyrate ATRP functionality to be used as grafted PEO arms compared to previously reported systems
macroinitiators. Such macroinitiators can be then crosslinked were studied. The viscoelastic nature of these polymers
by divinylbenzene (DVB) to generate a hydrophobic core of adsorbed at oil—water interfaces was investigated using both
the resulting star with hydrophilic PEO arms.” ™" There are interfacial tension and interfacial rheology. The viscoelastic
many available macroinitiators and crosslinkers, and it is also properties of adsorbed layers of polymer, surfactants, or

possible to use two different macroinitiators to prepare mikto-
arm stars. Alternatively, star polymers can be prepared by
employing multifunctional core and subsequently growing
arms, following core-first approach. The resulting multiarm
polymers are effective emulsion stabilizers, even at very low
concentrations.’>*73¢ Their adsorbed layers at oil/water (o/
W) interfaces are predominantly elastic in nature. Star
polymers with relatively high densities of arms show particle-
like behavior at interfaces, and emulsions stabilized by them
may be viewed as Pickering systems rather than as more

particles at interfaces can be studied using dilatational
interfacial rheology in which the interface is subjected to a
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change in area, either oscillatory or as a step change, and the
time dependence of interfacial tension is followed.”””*" In
oscillatory dilatational measurements, a sinusoidal change in
area causes a variation in the interfacial excess of the adsorbed
particles or molecules leading to a sinusoidal change in
interfacial tension.*® Analysis of the variation in interfacial
tension with interfacial area and time allows the determination
of dilatational interfacial complex modulus, £*, which is a
measure of the overall response of the particle-laden interface
to the dilatation.”®*’ As with conventional bulk rheology, the
complex modulus can be further broken up into the elastic
(storage), € and viscous (loss), £” components. These are
measures of the energy that is either stored elastically or
dissipated during the dilation.***” These parameters allow the
nature of the adsorbed layer to be probed in greater detail than
by studying interfacial tension alone since the elastic modulus
gives information about the variation in interfacial tension with
the area of the adsorbed particles. The loss modulus arises
from mechanisms that reduce the magnitude of the interfacial
tension during the measurement; these include adsorption/
desorption of particles or conformational changes in the
adsorbed polymer.*’

A number of studies reported in the literature show that
adsorbed layers of hydrophobic nanoparticles stabilized by
grafted hydrophilic chains, such as star polymers or solid
particles with grafted arms, at the oil/water interface are often
viscoelastic in nature.”******' This is generally thought to be a
contributing factor to emulsion stability where the elasticity of
the adsorbed layer may act to reduce or prevent the
coalescence of emulsion droplets.””>® The elasticity of
adsorbed layers particles with grafted hydrophilic arms
depends on various parameters, such as the molecular weight,
grafting density and composition of the arms,”" and whether
the arms are charged or uncharged, for example, where the
arms have pH-dependent groups such as carboxylic acids or
amines.’”>* In general, adsorbed layers of polymers with pH-
dependent arms show lower interfacial moduli in their charged
state than in their uncharged state.” In many cases, emulsions
stabilized by adsorbed layers showing hi_%h interfacial
elasticities are often stable toward coalescence.”> ™" However,
a high interfacial elasticity alone is not always sufficient to
differentiate between good or poor emulsion stabilizers and the
exact relationship between emulsion stability and interfacial
rheology is not well understood.”” Lucassen-Reynders™
suggested that Marangoni effects arising from dilatational
elasticity act to reduce the thinning of thin liquid films between
droplets, thus preventing coalescence. In essence, thermal
fluctuations of an interface cause local expansion of the
interface and potential thinning in the film leading to
coalescence. The local expansion of the interface that has a
measurable interfacial elasticity leads to an increase in
interfacial tension. The resulting interfacial tension gradient
results in adsorbed molecules or particles being pulled from
areas of low tension to the expanding area also dragging the
associated bulk phase (water in the case of O/W emulsions)
and acts to reduce or prevent the thinning of the film and
stabilizing the emulsion. There are several reports in the
literature that relate emulsion stability to the dilatational
modulus.*”*%*>737 However, while there is no simple or direct
correlation, it is almost certain that a high interfacial modulus
will be a significant factor affecting emulsion stability.

Herein, star polymers were synthesized via activators
regenerated by electron transfer (ARGET) atom transfer
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radical polymerization (ATRP)**"®* using arm-first technique

(Figure 1). Poly(ethylene oxide) (PEO) chains with a molar

ARGET ATRP / \\

N

Figure 1. Synthesis of PEO star polymers via the arm-first approach.

mass of either 2 or § kDa with terminal a-bromoisobutyrate
ATRP functionalities were used as macroinitiators and
divinylbenzene as a crosslinker for arm-first star synthesis.

B EXPERIMENTAL SECTION

Materials. Poly(ethylene glycol) methyl ether (PEOg,, M, = 5000,
Aldrich, and PEO,, M, = 2000, Aldrich) was used to prepare
poly(ethylene oxide)-based macroinitiators PEO-MI1 and PEO-MI2,
following a previously published procedure.” Divinylbenzene (DVB,
80%) was purchased from Aldrich and purified by passing through a
column filled with basic alumina. Copper dibromide (CuBr,, Aldrich,
99%), tin(II) 2-ethylhexanoate (Sn(EH), 95%, Aldrich), N,N-
dimethylformamide (DMF, VWR, 99%), anisole (Acros Organics,
99%), and neutral alumina (standard activity, SO to 200 um, Sorbent
Technologies) were used as received. Tris(2-pyridylmethyl)amine
(TPMA) was synthesized according to the previously reported
procedure.®*

Nuclear Magnetic Resonance Spectroscopy (NMR). '"H NMR
spectroscopy measurements were performed with a Bruker Advance
500 MHz spectrometer using CDCl; as the solvent.

Gel Permeation Chromatography (GPC). Number-average
MWs (M,) and molecular weight distributions of PEO star polymers
were determined by GPC. The GPC system used an Agilent Infinity
pump and an Agilent Infinity refractive index and light scattering
detectors using PSS columns (SDV 10 10%, and 10° A) with THF as
the eluent at a flow rate of 1 mL/min at 35 °C. Toluene was used as
the internal standard for the system.

Synthesis of PEO Stars. In a typical procedure, PEO macro-
initiator PEO-MI1 (1 g, 0.25 mmol) was dissolved in anisole (7.56
mL) in a 10 mL Schlenk flask. To this solution was added a solution
of CuBr, (0.45 mg, 0.002 mmol) and TPMA (5.8 mg, 0.02 mmol) in
anisole (0.5 mL). DVB (0.38 mL, 3.75 mmol, 15 molar equivalents vs
macroinitiator) was added next, and the flask was purged through four
freeze—pump—thaw cycles. Then, a solution of Sn(EH), (12.95 uL,
0.04 mmol) was added under a nitrogen atmosphere, and the flask
was placed in a thermostated oil bath at 90 °C. After 23 h, the
reaction was stopped, and the copper catalyst was removed by passing
the mixture through a column of neutral alumina. The product was
purified by dialysis against methanol for 1 week. PEO stars were
characterized by NMR and GPC. The structural features of two
prepared star polymers are summarized in Table 1. No unreacted
macroinitiator was detected in the final samples.

The 2k and Sk PEO pDVB star polymers were dispersed in reverse
osmosis water to form a stock 2% solution and diluted as needed to
form solutions at concentrations in the range 0.01-0.2% w/v.
Anhydrous n-dodecane (n-C12) and m-xylene were obtained from
Sigma-Aldrich and were stored over fumed silica (Aerosil OX-50,
Degussa) to remove surface-active impurities and finally filtered
through a 0.22 micron PTFE filter. The interfacial tensions of the two
oils were determined against reverse osmosis purified water and were
found to be close to the literature values (52 and 37 mNm™
respectively).”**

Interfacial Tension and Dynamic Surface Tension. Static
droplets of the polymer solutions, typically 20 mm?, were formed on a
syringe needle of outer diameter 1.65 mm using a 1 mL syringe; the
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Table 1. Number of Arms Per Molecule Calculated on the Basis of PEO M, = 2000 and 5000 Da”“

MI star Mn Da arms per molecule
2k PEO 9.70 X 10* 24.7
Sk PEO 1.16 x 10° 16.7

core mass fraction

area per arm/nm”

3.6
4.1

core radius/nm

2.6
2.3

0.49
0.28

“Core radius estimated from the mass fraction of DVB assuming a bulk density of pDVB of 1.02 g/mL.

droplet was formed in situ within a cuvette containing n-dodecane or
m-xylene. The static interfacial tension was determined by video-
based profilometry using a DataPhysics ODG20, and measurements
were taken at roughly 1 s intervals. The interfacial tension was
followed as a function of droplet age using the ODG20 video analysis
software, typically for 7200 s or less if the system had reached an
equilibrium value within that time. After this equilibration period, the
interfacial dilatational viscoelastic properties of the adsorbed layer
were determined using the same droplet either by oscillation of
droplet volume or by a step change in droplet volume. Repeat
measurements showed the error in the interfacial tension to be +0.5
mNm™.

Dynamic surface tension measurements were made on aqueous
solutions of the star polymers using a Kruss BP100 maximum bubble
pressure tensiometer at 20 °C. The error in these measurements was
known to be +0.5 mNm™".

Oscillation Interfacial Rheology. The volume of the equili-
brated droplets described above was then varied sinusoidally using a
piezo-electric actuator for five complete oscillations giving 200 images.
This was carried out at 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 1 Hz at an
amplitude that produced a fractional interfacial area variation of 5—
10%, this corresponded to a 0.1—0.15 mm amplitude of the actuator.
The sequences of images of the drop oscillations were analyzed to
give plots of interfacial tension and droplet area as a function of time.
Fourier transform of the interfacial tension vs time data extracted the
interfacial moduli (¢’ and &”) at each frequency. On selected samples,
additional amplitude sweeps were carried out in which the fractional
area change was varied between ca. 1 and 15% at a constant frequency
of 0.1 Hz, in all other respects the method was the same as described
above.

The interfacial area (A(t)) of the droplets was varied sinusoidally
with an amplitude of AA about its mean value, A,, with time such that

(1)

Each image was analyzed using the instrument software to give the
variation in interfacial tension with (y(t)). The amplitude of the
interfacial oscillation was determined (Ay) and the variation of the
interfacial tension during the oscillation is given by®

y(t) =y, + Ay cos(wt + ¢)

A(t) = A, + AA cos(wt)

)

where ¢ is the phase angle between the sinusoidal variations in area
and interfacial tension. The instrument software applies a Fourier
transform to the variation in interfacial tension and area to extract
¢'(w) and ¢”(w) at each individual frequency, where

, _ A,
e'(w) = Ay(w)—>cos ¢(w) (3)
and
; A, |
€'(w) = Ay(w)-—sin p(w) 4)

In general, three repeat runs were carried out on each solution/oil
phase combination, including fresh solutions and oil phases and also
repeat runs on the same droplet. The repeatibility was assessed by
determining the averages and standard deviations of the moduli
obtained at each frequency for all spectra obtained on each sample.
The standard deviation was found to vary little between samples and
frequencies and the mean value of all values was taken as the
experimental error. The mean standard deviation obtained for the
elastic moduli was of the order of +0.8 mNm ™!, while +0.2 mNm™'
was obtained for the loss modulus. For repeat runs on the same
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droplet, the average magnitudes showed ranges of +0.2 and +0.1
mNm™ for ¢ and &”, respectively. Representative plots for each
sample are shown here, and typical sets of repeat spectra are shown in
the Supporting Data.

Interfacial Relaxation. The frequency response of the adsorbed
interfacial layer was further probed using interfacial relaxation, in
which the return to equilibrium interfacial tension after a step change
in interfacial area was determined. Droplets were formed in the same
manner as described above for the interfacial tension determination
and the volume of the equilibrated droplet was then rapidly increased
using the piezo-electric actuator of the ODG 20, typically a 0.1—0.15
mm displacement of the actuator was used on the timescale of 0.1—
0.2 s. The increase in area resulted in an increase in interfacial tension
that then decayed back to the equilibrium value. The interfacial
tension was determined by image analysis of a video recording of the
droplet shape before and after the area increase for 1000—1200 s. The
frame rate of the video was set to 25 fps at the point of increase but
was then reduced exponentially over time to around 1 fps after 1000 s;
this was to ensure sufficient data points in the short-time region of the
interfacial tension decay but to limit the number of images requiring
image analysis.

The interfacial dilatational response of the adsorbed layers was
determined using Fourier transform analysis of the interfacial tension
decay (Ay(t)) after the sudden expansion (AA). The sudden
expansion of an equilibrated interface reduces the interfacial excess
of the adsorbed material leading to an increase in interfacial tension,
which then decays over time as the adsorbed layer returns to
equilibrium (Figure 2).

Equilibrated drop,
area A,

Dilated drop, area
AA+A,

9

IDropIet surface area

Interfacial tension

time

Figure 2. Decay of interfacial tension after a sudden expansion of an
interface.

Fourier transformation (FTAy(t)) of the interfacial tension decay,
Ay(t), back to the equilibrium value allows the frequency dependence
of the interfacial moduli (e*(w), &'(w), and &”(w)). The Fourier
transform for this process is given by *®"~7°

_ FT(ap(0) _ y A7

AA(t) | AA(t) | —iwt
FT(A—O) ‘/(; [A—]e dt

o

()

(5)

Since the timescale of the change in interfacial area is relatively short
compared to the decay rate, it can be approximated as a Heaviside
step function, AA(t)/A, = 0t < 0 and AA(t)/A, = AA/A, t > O, for
which
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Figure 3. Short-time dynamic surface tension of 2k PEO (left) and Sk PEO (right) homo-arm star polymers (error in the dynamic surface was +0.5

mNm™).
fw AA(t) e—imtdt — AA
0 A, iwA, (6)
It is convenient to define the decay function (), where
AAr(t)
t) = ="~

The complex interfacial modulus *(w) = ¢'(w) + ie”(w) and so the
Fourier transform may be split into its real and imaginary components

e(@) = f() + o [ (B(e) = ploo)sin(wr)a ®

and

e'(w) =w f (B(t) = p(0))cos(wt)dt
0 )
where 3(o0) relates to the value of the decay function at infinite time
in the case of where the system does not fully relax back to the initial
value, in this work the system fully recovered back to equilibrium
giving ff(c0) = 0
The integrals of Fourier transforms eqs 8 and 9 were numerically
evaluated within Excel in the frequency range 0.0001—1 rad s™'. The
Fourier transform requires evenly spaced time points and so the
whole of the decay function was fitted to a double or triple
exponential decay to accurately reproduce the data at 0.2 s intervals

using the nonlinear double and triple exponential fitting routines in
Origin v.6 (MicroCal).®”~7°

Bt) = Boo) + Y A/

i=1

(10)

where n =2 or 3.

The error in the moduli obtained from the relaxation measure-
ments was assessed as being of the order of +10% based on two
repeated measurements.

Emulsion Stability. 10% v/v oil-in-water emulsions were
prepared by premixing 1 mL of n-dodecane in 9 mL of 0.2% polymer
solutions and shaken by hand to give coarse droplets. These were
further emulsified by subjecting the system to ultrasonic agitation for
30 s using an ultrasonic probe with a 3 mm tip. The samples were
stored at 20 °C and periodically sized using a Malvern 2000 laser
diffraction system, three measurements being made at each time
point. The effect of the concentration of Sk PEO on n-dodecane in
water emulsions was also investigated by repeating the above method
but with a range of Sk PEO concentrations (0.01—0.2% w/w).

B RESULTS AND DISCUSSION

Both 2k and Sk PEO star polymers reduced the surface tension
of water although by a relatively small amount compared to
typical surfactants. The 2k PEO sample tended to the same
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long-time surface tension (100 s) of around 60 mNm™', and
the results showed the same general behavior as surfactant
solutions above their critical micelle concentration. The rate of
decrease in surface tension increased with increasing
concentration due to the increased rate of diffusion to the
surface at higher concentrations. While the 2k PEO tended to a
long-time surface tension of around 60 mNm™' at all
concentrations, the situation was less well defined with the
Sk PEO sample. This polymer did not tend to a single value of
the surface tension at longer times for all concentrations. For
concentrations up to and including 0.05%, the solutions
appeared to be approaching plateau values in the range of 62—
64 mNm™! around a surface age of 1000 ms; however, the data
then appear to begin to fall once more at larger surface ages.
This was much more pronounced at 0.1 and 0.2% of the Sk
PEO star polymer; at these concentrations, the dynamic
surface tension varied little at somewhat lower values of 61 and
57 mNm™', respectively, between 10 and about 100 ms.
However, at longer times, both samples showed a significant
drop in dynamic surface tensions. The reason for this is not
known but may represent the reorientation of the longer poly
(ethylene oxide) chains of the Sk sample surface to a more
favorable conformation. The 2k samples with their shorter
arms and 50% greater grafting density would be expected to
show less freedom compared to the higher-molecular-weight
poly(ethylene oxide) chains in the Sk sample where the outer
segments of the chains would have some degree of freedom to
reorientate over a longer time to reduce their interfacial energy.

The concentration and time dependence of the dynamic
surface tension of surfactants has been considered by Ferri et
al.”® who found that the kinetics can be understood in terms of
the timescale of diffusion to the interface. The same treatment
will be used here for the particles rather than surfactant
molecules. If the adsorption of the particles, at a concentration
¢, is governed by simple diffusion (effective diffusion coefficient
(D)) and the surface excess (I') is independent of
concentration (ie. plateau adsorption), then the timescale of
the adsorption and reduction of surface tension is related to
characteristic adsorption time 7p, = I2/Dc% Ferri’” found that
the characteristic adsorption time depends on the extent of the
“adsorption” depth, 6. This is the distance into the bulk that
would be completely depleted by the equilibrium surface
excess. The amount adsorbed over an area dA is dAI. This
would then correspond to a volume c6dA of the bulk solution
containing an equal amount of adsorbate and 6 = I'/c. The
time required for material to diffuse a distance & is 6°/D
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leading to the equation above for the characteristic diffusion
time. If the process falls under these conditions, then the
dynamic surface tension plots should collapse onto a single
master curve when the surface age (t) is normalized to
reduced time as t,,¢/7p, or more simply t,qc’.

The applicability of this approach can be seen in the collapse
of the dynamic surface tension curves obtained for the 2k PEO
star polymer at the air/water surface. The DST for this
polymer (Figure 3) tended to the same long-time value for all
concentrations studied, and the effect of changing the
concentration was simply to move the curve to higher or
lower surface ages. Figure 4 shows the data with the surface age
normalized by multiplying by ¢*. Since the dynamic surface
tension tended to essentially the same value for all
concentrations, then the surface excess would be independent
of concentration. Any variation in diffusion coeflicient with
concentration would be negligible then if the adsorption of the
star polymers is diffusion-controlled, then the data should
collapse on the reduced timescale of t,,¢c*. The data for the 2k
PEO star collapsed extremely well onto a single curve showing
that the process was well described by the simple diffusion/
adsorption model of Ferri.”” A similar plot for the Sk PEO star
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polymer was not as tightly collapsed as for the 2k variant; this
was likely due to a small variation in equilibrium surface
tension and surface excess with concentration. However, the
collapse of the data at the lower concentrations, although not
perfect, still suggested that the process was predominantly
controlled by particle diffusion to the interface.

The equilibrium interfacial tensions between the two
polymers and n-dodecane or m-xylene are shown as a function
of concentration in Figure S. In all four cases, the interfacial
tension showed little variation with concentration. The
interfacial tension was mostly governed by the oil phase with
the higher values seen with n-dodecane (26—28 mNm™')
compared to those with m-xylene in the range 15—17 mNm™".
The molecular mass of the polymer had a small but consistent
effect with both oils with the 2k PEO showing lower values
than the Sk PEO, the difference being ca. 3 mNm™" with m-
xylene and 1 mNm™ with n-dodecane.

The interfacial pressure, 7 (= y — y,, where y, is the
interfacial tension of the clean interface) also depended on the
oil phase with those for the Sk PEO star at the n-dodecane/
water interface being of the order of 6 mNm™" higher than at
the m-xylene/water interface, while the difference was 4
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mNm™" with the 2k PEO star. Higher interfacial pressures have
previously been reported for 2k PEO stars (64 arms) at the
cyclohexane/water interface compared to the m-xylene/water
interface.”* This was attributed to the PEO chains being more
constrained at the cyclohexane/water interface than at the m-
xylene/water interface. The aliphatic hydrocarbon is a poor
solvent for PEO that disfavors any penetration of the arms into
the oil phase and any arms that enter the phase will likely be in
a collapsed conformation, whereas the aromatic m-xylene is a
much better solvent for the PEO chains resulting in greater
penetration and well solvated and expanded conformation.
According to Huang et al, the resulting differences in
interfacial tension are due to enthalpic contributions from
segment/ solvent interactions and entropic factors arising from
the differences in the conformation of the arms on the
adsorbed particles in the different solvents.**

The differences between the 2k and Sk PEO variants are also
shown by the time dependence of the approach of the
interfacial tension toward equilibrium. Interfacial tension
versus time plots are shown for 0.1% polymer for all four
polymer/oil phase combinations in Figure 6. It is apparent that

5k PEO n-C12
2k PEO n-C12

5k PEO m-xylene:
2k PEO m-xylene

400 600 800

time/ (s)

1000

Figure 6. Interfacial tension vs time plots for the four polymer/oil
phase (n-dodecane or m-xylene) combinations at an aqueous polymer
concentration of 0.1% (error in the interfacial tension was +0.5
mNm™).

the Sk PEO equilibrates more rapidly than the 2k PEO with
both oils; this is more clearly demonstrated by plotting the
reduced interfacial tension as a function of time.

The reduced interfacial tension, 7,4, is given by’

r(t) = Yigm

Ted =
A A

(11)

where y(t) is the interfacial tension at time ¢, and y, and Yeqm
are the oil/water and equilibrium interfacial tensions,
respectively. Plots of the reduced surface tension versus time
are shown in Figure 7 for all four polymer/oil combinations.

Despite their similar total molecular masses, it is clear from
the reduced interfacial tension plots that at both the m-xylene
and n-dodecane water interfaces, the Sk PEO star reaches the
equilibrium tension (when the reduced interfacial tension
reaches zero) around 10 times quicker than the 2k PEO
variant. This suggests that the more hydrophilic and water-
soluble Sk PEO star tends to sit on the interface with its core
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penetrating to a lesser extent into the oil phase than the more
hydrophobic 2k PEO star.

Comparison of the adsorption rates of the Sk PEO star at
the m-xylene and n-dodecane interfaces shows that equilibrium
is reached more rapidly at the n-dodecane interface. The
hydrophobic pDVB core needs to be in contact with and
wetted by the oil phase for the polymer to adsorb strongly at
the interface. The PEO arms show a greater solubility m-
xylene®® and so will readily penetrate into the aromatic oil,
whereas they show a much lower solubility in the aliphatic n-
dodecane and will not so tend to readily penetrate. Thus, the
hydrophobic core will be pulled through the interface and
further into the oil phase by penetration of the PEO into the
m-xylene allowing good wetting of the core. At the water/n-
dodecane interface, the lower and less favorable penetration
results in the core penetrating to a lesser extent resulting in the
polymer sitting more on the interface.

Surprisingly, the 2k PEO star polymer show virtually
identical kinetics of adsorption at both the n-dodecane/water
and the m-xylene/water interfaces. This suggests that the
interaction of the 2k PEO chain with the aqueous or either of
the two oil phases is less important than the wetting of the core
itself by either oil. At the higher-arm molecular weight of 5k,
the PEO interactions make a greater contribution to the
adsorption of the star polymers, leading to the absolute value
of the interfacial tension of the Sk PEO star polymers being
systematically higher than the shorter-chain analogue at both
oil/water interfaces studied.

Reports in the literature have found that star polymers of
pDVB cores stabilized by 64 arms of 2000 g/mol PEO
adsorbed at oil/water interfaces to produce an interfacial layer
that is predominantly elastic in nature.”* Additionally, at the
concentrations studied (0.0005—0.1%), the elastic modulus
was essentially independent of frequency and increased with
increasing concentration. The results obtained here with star
polymers with lower grafted arm density show somewhat
different behavior. At 0.01%, all four systems showed
frequency-independent behavior, the magnitude of the moduli
being primarily determined by the polymer ethylene oxide
molecular mass. At both the n-dodecane and the m-xylene/
water interface, the 2k PEO star polymer gave elastic moduli in
the range of 14—15 mNm™" at the higher frequencies (Figure
8), compared to the lower values of 5—7 mNm™" seen with the
Sk PEO star at either of the two interfaces. However, the
responses became more frequency-dependent as the concen-
tration increased for all four pairings of polymer and oil phase.
The responses were predominantly elastic with &’ > ¢”, with &”
decreasing with increasing frequency and decreasing concen-
tration. This can be summarized in plots of the phase angle, ¢,
where tan ¢ = €”"/¢, against frequency for the various
concentrations, Figure 9. The phase angle decreased with
increasing frequency and decreasing concentration as the
interfaces became increasingly dominated by the elastic
response. All four of the polymer/oil phase pairings showed
similar behavior to that shown in Figure 8 and Figure 9.

In most cases, it was observed that the elastic modulus at 1
Hz was generally lower than that at 0.5 Hz. Initially, it was
assumed that this was due to a coupling of the interfacial
rheological properties and the viscosities of the aqueous and oil
phases. Freer et al.”' have shown that a viscosity difference
between the two phases can lead to progressively non-
sinusoidal response of the interfacial tension to a sinusoidal
oscillation in droplet area. The importance of this can be
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Figure 7. Reduced interfacial vs time plots for the four polymer/oil phase (n-dodecane or m-xylene) combinations at an aqueous polymer
concentration of 0.1%.
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C, = AuwAv/yR > (12)
estimated from the magnitude of the capillary number, C,, for

the oscillatory motion.
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Figure 9. Phase angle, ¢, as a function of frequency for 2k PEO star
nanoparticles adsorbed at the m-xylene/water interface at various
aqueous polymer concentrations.

where Ay is the viscosity difference between the two phases
(eg. 3.44 X 107" Pas for n-dodecane/water), @ is the frequency
of oscillation (6.28 rads™"), Av is the amplitude of the volume
oscillation (typically 2 X 107 m?®), and R, is the capillary
diameter (0.825 X 107* m). This yields representative C,
values of 2.5—4.5 X 107 for the n-dodecane systems. Freer et
al. suggest that viscous coupling should be negligible for
capillary numbers less than 2 X 1073.”" Since the present
system was within an order of magnitude, it is possible that the
small decrease seen (typically 10%) may be a result of the
onset of this effect. However, while some deviation from
sinusoidal behavior was seen in the interfacial tension during
the oscillation in some cases, it was not readily apparent in all
systems where this decrease in modulus was seen. Again, this
may suggest that the systems were close to the onset of this
effect and the deviation from sinusoidal behavior was present
but not obvious. It also possible that the decrease is due to
instrumental artifacts resulting from the frame rate of the video
camera (25 fps) and the timescale of oscillation. It should be
noted that Alvarez et al.*® also reported a similar drop in elastic
modulus for similar star particles at the m-xylene or
cyclohexane/water interfaces. In their experimental setup, the

thought to be due to the compression of the adsorbed layer of
particles and their subsequent ejection from the interface. The
absence of this effect may be a reflection of the softer nature of
the interactions between the current particles with 24.7 arms
adsorbed at an area of 4.1 nm’ per arm at an interface
compared to the harder interactions between the more
particulate-like star polymers with 460 arms at 0.54 nm* per
arm.’® The higher-chain-density molecules show a more
particulate manner due to a lower conformational freedom of
the PEO arms compared to the lower-arm-density molecules
acting more akin to adsorbed polymers with a hydrophobic
with greater freedom.

Huang et al. studied the interfacial dilatational elasticity of
similar star polymer particles consisting of pDVB cores
stabilized by 64 2k PEO arms at the cyclohexane/water and
m-xylene/water interfaces.”* The adsorption depended on
whether the polymer was dispersed in the water or in the
organic phase. Interfacial moduli obtained with polymer
dispersed in the aqueous phase varied between ca. 10 and 13
mNm ™ in the concentration range 0.01—1% at both interfaces,
which is in surprisingly good agreement with that found here
with the 2k PEO star polymers considering the lower number
of arms per molecules (24.7). Other than the reduction in the
elastic modulus at higher frequencies (approaching 1 Hz), their
system showed little variation in modulus down to 5 X 107> Hz
in the concentration studied (0.001—0.1%). The latter is in
some contrast to that found here in that the 0.1% 2k or Sk
PEO star polymers showed a definite frequency dependence,
even allowing for any difference in particle size. The reason for
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Figure 11. Plots of ¢’ and ¢” vs reduced frequency for 2k (right) and Sk PEO (left) stars at the n-dodecane/water (top) and m-xylene/water

(bottom) interfaces.

the difference is not clear but may be due to the difference in
the number of arms per particle (64 compared to 16.7—24.7
arms per molecule in the present work). The lack of frequency
dependence was attributed to the strength of adsorption of the
polymers preventing any adsorption/desorption of the
particles to and from the interface during oscillation.’* The
likely greater particulate nature of the higher-arm-density
polymers would also lead to a higher adsorption energy. This
would result in a highly elastic interface with the interfacial
tension decreasing and increasing as the interfacial area
increased and decreased, respectively. Transport to and from
the interface during oscillation would introduce a time- and
concentration-dependent relaxation process that would result
in a frequency-dependent modulus. It is clear from Figure 8,
that for the 2k PEO star at the m-xylene/water interface, the
frequency dependence increased with increasing polymer
concentration, suggesting that there is a concentration-
dependent adsorption/desorption process, which was seen
with all four polymer/oil phase pairings. This is also
demonstrated by plots of the phase angle, ¢, vs frequency
for the different polymer concentrations of 2k PEO vs m-
xylene (Figure 9). Again, in all four cases, the phase angle
increased with increasing concentration over the entire
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frequency range. As mentioned above, it is thought that the
star polymers with a low grafted PEO density will act as
intermediates between particles and simple polymers adsorbed
at the interface. While the hydrophobic core confers some
particulate behavior, the majority of the polymer is composed
of a relatively diffuse layer of PEO.

The frequency dependence seen in the present systems
suggests that there is a significant relaxation process occurring
at the interface on the timescale of the oscillation that was not
seen with 64 arm 2k PEO particles.”* In a similar vein to the
normalization of the dynamic surface tension data, it is
common in bulk rheological studies to normalize the frequency
by multiplying it by the relaxation time to give a dimensionless
frequency. Despite this approach working well with the
dynamic surface tension, it was not expected to apply to the
interfacial rheology. Assuming that the relaxation time was
related to Ferri’s characteristic adsorption time’® for diffusion-
controlled dynamic surface tension, the frequency response of
each system was normalized to the reduced frequency by
multiplying the frequency by the relaxation time such that the
frequency was divided by ¢* (as opposed to multiplied in the
case of the surface age in the DST).
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and (right) phase angle plotted against fractional area amplitude.

Figure 11 shows the oscillation data for the Sk and 2k PEO
star polymers at the n-dodecane/water and m-xylene/water
interfaces plotted against the reduced frequency. While not a
perfect collapse, the data does reduce to close to a single
master curve for each system. The collapse of the oscillation
data onto almost a single curve shows that the equilibrium
composition of the interface is essentially independent of
concentration, as suggested by the concentration-independent
equilibrium tension. The differences in frequency response
seen at different concentrations are due to differences in the
rate of desorption/adsorption during the oscillation. In pure
particle-stabilized Pickering emulsions, the adsorption energy
of the particles is typically of the order of 10*~10° kT,*" and is
normally thought of as being irreversibly adsorbed. Under
these conditions, there would be no adsorption /desorption
during the oscillation leading to frequency-independent
responses. The star polymers used here appear not to be
purely particulate in nature but intermediate between a particle
and a polymer. For instance, the high adsorption energy of
particles arises from the loss of energetically unfavorable oil/
water interface and its replacement with more favorable oil/
particle and particle/water interfaces. This effect is not clear
cut in the case of star polymers, for although there is a
hydrophobic core acting as a particle, the majority of the
adsorbed polymer is composed of PEO arms. Consequently,
the behavior of adsorbed polymers is likely to show
intermediate behavior between pure polymers and particles
with a lower adsorption energy, which allows some adsorption
and desorption

The data obtained here show differences to that reported by
Huang for similar systems,”* where they saw less frequency
dependence compared to the current systems at comparable
concentrations. Although this is attributed to the difference in
grafting density of PEO chains on the particles, it should be
noted that the measurements reported by Huang et al.’* were
carried out at a lower fractional area amplitude of 3%
compared to the 5—10% used here. A possible reason for the
increased frequency dependence may then have been a result
of the larger dilation of the surface allowing the adsorbed
particles greater surface mobility and ease of adsorption and
desorption. To determine whether this was the case, the
moduli of 0.1% dispersions of the 2k and Sk PEO star samples
at the n-dodecane/water were determined at a constant
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frequency of 0.1 Hz as a function of applied dilation, in the
range of 1—14%. The data are plotted in Figure 12, and it is
clear that the moduli were essentially independent of the area
change. A small difference was seen at the lowest amplitude
(ca. 1%), but this was due to experimental error arising from
the very small variation in interfacial tension at this area change
(ca. +/— 0.05 mNm™") being of comparable size to the error in
the determination of the tension. The phase angle, ¢, is a
sensitive measure of changes in the adsorption and desorption,
but this was also independent of area change (Figure 12).
From these data, it was concluded that the enhanced frequency
dependence was not due to the difference in the fractional area
in the two studies.

Determination of the interfacial moduli using oscillation is
limited at low frequencies since each individual frequency
requires at least one full oscillation (preferably S full cycles)
and as such the time required increases with the reciprocal of
the decreasing frequency. In a relaxation measurement,
essentially all frequencies are studied in one run and the
measurement time depends on the rate of decay of the sample
back to equilibrium or the lowest frequency required to be
studied. Thus, interfacial relaxation allows the low-frequency
processes to be studied, although care must be taken to ensure
equilibrium has been reached prior to the relaxation to ensure
accurate values for the decay function, (t). A typical plot of
B(t) vs t obtained after a step increase in interfacial area of ca.
10% is shown in Figure 13, also shown is the fitted decay using
a double exponential. Both the double and triple exponentials
were found to fit the data well but for simplicity, the double
exponential was used for subsequent analysis. The decay curves
all showed the same general behavior, with an initially rapid
decay over short times leading to a longer timescale decay
before returning to the equilibrium value. Larger initial
increases of around 1—1.2 mNm™ in interfacial tension were
seen with the 2k PEO star polymer compared to the Sk PEO
polymer where the increases were of the order of 0.6 mNm ™,
in agreement with the trend seen in the moduli obtained from
the oscillatory tests.

The fitted double-exponential relaxation curves were Fourier
transformed by numerically integrating eqs 8 and 9 in Excel.
The integrations were carried out over the whole of the
experimental data for a series of discrete frequencies from 1 X
107 to 0.2 Hz. The Nyquist—Shannon theorem for signal
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Figure 13. Relaxation plot of f(t) vs t for 0.2% Sk PEO at the n-
dodecane/water interface. The solid line is a double-exponential
decay fit.
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processing shows that for a continuous signal comprising equal
spaced signals at time interval t, the highest frequency that is

fully described by that function is 1/2¢ in Hertz.*”°® The time
interval used in the analysis of the decay function was 0.2 s,
and so the theoretical highest frequency would be 2.5 Hz.
However, it was found that the interfacial tension took a finite
time to settle down after the droplet expansion due to a short-
lived oscillation caused by rapid expansion. This time was
typically of the order of 0.5 s, which corresponds to a
frequency of 2 rads™! or 0.32 Hz, and to minimize any errors a
maximum frequency of 0.2 Hz was chosen for the upper limit.

The moduli vs frequency plots obtained from the Fourier
transforms of the interfacial tension decay function are shown
in Figure 14 for all four polymers (0.2%)/oil phase
combinations, also plotted are the moduli obtained from the
oscillation measurements. The fitting parameters for the
double-exponential fit are listed in Table 2. All fittings with
the double-exponential showed regression coefficient (R?)
values of 0.95 or better.

Two distinct relaxation times were obtained for each of the
four polymer/oil pairings, the shorter being in the range 3.1—
6.9 s and the longer in the range 278—384 s. The relative
strengths of the two relaxation peaks can be assessed by the
ratios of the pre-exponential factors (A, and A, referring to the
shorter and longer relaxation times, respectively). The value of
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Figure 14. Frequency dependence of the interfacial moduli for the four polymer/oil pairing obtained using interfacial relaxation (Ml-¢’, O-¢”). The
data are also compared to the moduli obtained from the oscillation measurements at the higher frequencies (¢'-@, &”-O).
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Table 2. Fitted Parameters of a Double-Exponential Fitting
of the Decay Functions Arising from ca. 10% Dilations of
Preequilibrated Adsorbed Layers of Star Polymers at the
Oil/Water Interface at an Aqueous Polymer Concentration
of 0.2%

PEO
M, oil phase A t A, t, A/A, R
2k n-dodecane 5.39 18.97 6.18 345.2 0.87 0.97
2k m—xylene 6.93 14.38 7.61 292.2 091 0.98
Sk n-dodecane 3.76 11.58 1.57 278.8 2.39 0.98
Sk m-xylene 312 854 194 3841 161 095

A,/A, was larger with the Sk PEO star than that with m-xylene
showing the short-time relaxation process was the dominant
one at the higher molecular weight. The ratio for the 2k PEO
star was roughly half that seen with the Sk PEO being close to
one with both oils showing that both relaxation processes were
of roughly equal importance.

The frequency sweeps for all four pairs generated from the
relaxation data reflect the two relaxation processes seen in the
relaxation data, with two apparent peaks in the loss moduli.
The elastic moduli for all four systems show reasonable
agreement with the oscillatory data (0.01—0.5 Hz) although
the loss moduli show poorer agreement. Both the 2k and Sk
PEO analogues reached apparent plateaus between 0.01 and
0.1 Hz with the elastic moduli falling down to zero as the
frequency was reduced. As seen in the oscillation measure-
ments, the higher-frequency elastic modulus was most
dependent on the PEO arm molecular weight, with the 2k
PEO star plateau modulus being between 11 and 14 mNm™
compared to the S mNm™" achieved by the Sk PEO star with
both oils. The loss modulus also showed differences between
the two polymer analogues corresponding to the two relaxation
times identified from the analysis of the relaxation curves. The
Sk PEO star showed a dominant peak between 0.01 and 0.02
Hz with both oils corresponding to the short-time relaxation
process and at longer times (in the region of 5 X 10™* Hz) a
hump or a weak peak. In the case of the 2k PEO star, the
higher-frequency peak was between 0.005 and 0.01 Hz, while
the low frequency was also at 5 X 107* Hz.

The relaxation process seen at around 0.01 Hz was
responsible for the collapse of the data when the frequency
was normalized to ¢™* in the oscillation data and was primarily
a result of the desorption/adsorption of particles. On this
timescale, the adsorbed particles have sufficient interfacial
mobility as a result of the interfacial area increase to allow
polymer particles to move around the interface and make room
for additional particles. This results in surprisingly facile
adsorption of particles as the system returns to equilibrium and
a diffusion-controlled relaxation. The relaxation process at
longer times is likely to reflect changes in the conformation or
arrangement of the adsorbed polymers at the interface. In this
region, the particles are approaching equilibrium adsorbed
concentrations and the closer packing requires more
cooperative movement and potentially a change in the
conformation of polymer chains to accommodate any further
particles to finally achieve the equilibrium interfacial excess.
The magnitude of the longer time relaxation peak is lower with
the higher-molecular-weight Sk PEO star polymer, suggesting
this process is more facile with the softer interactions, lower
interfacial pressure, and likely lower packing of these particles
than for the lower-molecular-weight 2k PEO star allowing the
bulk of the relaxation to occur over a shorter timescale. The
relative conformational freedom of the longer EO chains
resulting from their greater length and marginally lower density
of arms (16.7 per molecule compared to 24.7 for the 2k
sample) gives them greater surface mobility than the more
densely packed harder 2k particles. This lower surface mobility
of the 2k PEO system leads to a slower relaxation and a more
pronounced peak in the loss spectrum at low frequencies.

The ultrasonic emulsification of n-dodecane into the 0.2%
dispersions of 2k PEO and 5k PEO star in water yielded o/w
emulsions with broadly similar initial droplet sizes of 2.2 and
2.8 pm, respectively, with the 2k PEO polymer producing
emulsions with a narrower droplet size distribution (Figure
15). The small difference in interfacial tension between the 2k
and Sk PEO stars at the n-dodecane/water interface would
have contributed to the slightly lower size seen with the 2k
PEO star, but this contribution would be small. The difference
in droplet size was more likely to be due to the short-time
stabilizing effect of the adsorbed particles (i.e., rates of
transport and adsorption at freshly formed interfaces).
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Figure 15. (Left) Initial droplet volume distributions of the emulsions formed and (right) evolution of the volume mean diameter of the emulsion

droplets with time during storage at 20 °C.
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Figure 16. (Left) Initial volume mean diameter of the n-dodecane in water emulsion droplets as a function of Sk PEO star polymers in the aqueous
phase and (right) initial volume distributions of the emulsions at various aqueous concentrations of Sk PEO star in the aqueous phase.

Neither emulsion showed any great instability in terms of
droplet growth over a period of 60 days despite the fact that
the elastic interfacial modulus of the 2k PEO at the n-
dodecane/water interface is almost twice that of the Sk PEO
system. Linear regression of the D(4, 3) vs time plots (Figure
15) gave growth rates of 4.4 X 107 and 3.4 X 107 um/day;
these are not significantly different. Both polymers produced
stable emulsions that showed little growth and no liberation of
free oil over the entire storage period.

The effect of the concentration of Sk PEO star polymers on
the volume diameter of 10% v/v n-dodecane emulsions is
shown in Figure 16. The mean droplet size was dependent on
the concentration of the polymer with the size showing a sharp
initial decrease with increasing polymer concentration at low
concentrations. However, the droplet size stabilized at around
0.05%, and essentially became independent of concentration.
This behavior of droplet size and stabilizer concentration is
often seen in Pickering stabilized systems. The droplet size is a
competition between the droplet size attainable by the power
input of the mechanical homogenizer and the interfacial area
that the particles present in the system can effectively cover. At
low concentrations, the homogenizing energy is capable of
producing small droplets, but these have a larger interfacial
area than the particles can fully cover, and thus the droplet size
tends to be larger as the partly coated small droplets undergo
some limited coalescence as they are not effectively stabilized.
At a high particle concentration, the total area that the particles
may cover is larger than that produced by the homogenizer,
and so the droplet size is purely controlled by the energy of the
homogenizer and the droplet size becomes independent of
particle concentration.”

Plots of the mean diameter as a function of time (Figure 17)
show that there was little difference in the rate of growth of the
droplets at the various Sk PEO star polymer concentrations.
The rate of increase all lay in the range of 2.2 X 107°—1.75 X
107 pm/day for 0.2 down to 0.025% polymer, and the
changes were of the same order of magnitude as the error in
the measurement, and so any differences can only be taken as
an indication that the emulsion stability was not strongly
dependent on the polymer concentration. However, free oil
was seen to be liberated within 1 week of preparation in n-
dodecane emulsions containing 0.01% Sk PEO. The stability
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Figure 17. Time evolution of the volume diameter (D(4, 3)) of n-
dodecane in water emulsions stabilized by Sk PEO star polymers at
aqueous concentrations in the range 0.01—0.02%.

seen at all concentrations (except 0.01%) suggests that an
effective interfacial barrier to coalescence is formed even at low
concentrations, in agreement with 6previous studies on star
polymer-stabilized emulsions.”>*~*® The interfacial tension
for the Sk PEO against n-dodecane was essentially independent
of concentration suggesting that the adsorbed interfacial excess
was also independent of concentration. Georgieva et al
suggested that in terms of emulsion stability, the low-frequency
elastic interfacial modulus was a factor in the stability toward
Ostwald ripening, whereas that at high frequency was
important in preventing or reducing coalescence.”” Coales-
cence may be thought of as being the result of localized
thinning of the film between adjacent droplets causing the two
droplets to touch and so coalesce. As mentioned earlier, the
presence of a significant dilatational modulus can cause
Marangoni flows that tend to resist this thinning.> The
localized thinning is the result of short-time thermal
fluctuations of the interface and so relates to the elastic
moduli at high frequencies. The collapse of the oscillatory data
for different concentrations onto single curves shows that the
high-frequency moduli will be independent of concentration,
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and this would lead to the stability being independent of
concentration. It should be noted that the concentration of free
polymer will be lower than the total amount in the system as a
result of adsorption at the interface, but it would appear that,
other than at 0.01%, the remaining free polymer was
sufficiently high to maintain the interfacial properties at a
sufficiently high level to stabilize the emulsions.

The results obtained shed some new light on the nature of
the adsorption of star polymers with low grafting densities of
arms at the oil/water and the air/water interfaces. The
dynamic surface tension data suggested that the adsorption of
the polymers at the air/water interface was diffusion-controlled
and dependent on the square of the concentration of the
polymer in the aqueous phase. It was unexpected that the same
conclusion could be drawn from the interfacial rheology data.
Conventional wisdom suggests that adsorbed particles are
essentially irreversibly adsorbed at the interface due to the high
adsorption ener§ies involved. The free energy of adsorption,
AG, is given by"'

AG = m’zyow(l + Icos 8,1) (13)
where r is the particle radius, ¥, is the interfacial tension, and
0, is the equilibrium three-phase contact angle.

Many Pickering emulsions reported in the literature are
stabilized by particles that are 50 nm or larger leading to high
free energies of adsorption; however, the star polymers are
much smaller and should have significantly lower values. The
reason underlying the high adsorption energy is that the clean
interface between an immiscible oil and water will show a high
interfacial free energy. When a particle is adsorbed, the
unfavorable clean interfacial area is replaced by two new
interfaces, particle/oil and particle/water. For an effective
Pickering stabilizer, each of these interfaces will be much less
energetic since the particles will have a greater affinity for both
the oil and the water than the oil has for the water. The free
energy difference between the clean interface and the
replacement two interfaces arising from the particle adsorption
is very large, leading to a very strongly adsorbed particle. The
free energy term is essentially the energy required to transfer a
particle from the interface to either of the bulk phases
(depending on which phase wets the particle more effectively,
this is the origin of the need for the modulus of the cosine). An
optimum particle would have a contact angle of 90° for the
particle in either phase, and at this point, the free energy is at
maximum.”' A reduction in the contact angle of the particle in
either aqueous or oil phase reduces the energy of transfer into
that phase, weakening the adsorption.

The area of the adsorbed particle is relatively well defined
for solid uniform particles, but this is not the case for star
polymers with a hydrophobic core and grafted hydrophilic
arms. The hydrophobic cores of the 2k PEO and the Sk PEO
stars were 2.6 and 2.4 nm. respectively. Taking the Sk PEO
core radius as being representative for the two, a plot of the
free energy of adsorption as a function of contact angle is
shown in Figure 18 at both the n-dodecane/water and the m-
xylene interfaces (taking the average measured interfacial
tensions of 26.7 and 17.5 mNm™’, respectively). The lower
interfacial tension between m-xylene and water (37 mNm™")
compared to that of n-dodecane and water (52 mNm™)
demonstrates the lower hydrophobicity of the aromatic oil.
This is reflected in the interfacial tensions at the two interfaces
and in the free of adsorption energies calculated for the two
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oils with the adsorption of the polymer core at the m-xylene/
water interface being lower than for the n-dodecane. Due to
the small size of the core, the free energy of adsorption is
relatively low compared to many Pickering systems. The three-
phase contact angles are unknown in these systems, for an
unmodified pDVB particle, the contact angle would be
relatively high. However, the presence of the grafted chains,
despite being present at a low grafting density, would reduce
the contact angle to some extent leading to a reduced
adsorption energy. Zell et al.’”* have studied the desorption of
linear PEO at different molecular masses under compression
and reported a desorption energy of 0.15 kT per monomer at
the air/ water interface, which is similar to an estimated value
0.4 kT per monomer given by Bjisterbosch et al.”’ using
polymer scaling analysis. This suggests that the adsorption
energy at the oil/ water interface of the PEO arms on the star
polymers would contribute little to any adsorption/desorption.
The main contribution of the PEO arms will be in their effect
on the water contact angle on the polymer core as well as their
relative solubilities in the aqueous and oil phases.

For contact angles below 35—40°, the free energies obtained
for the cores alone were 4 kT or less, which would allow
relatively facile adsorption/desorption during droplet dilation.
However, higher contact angles up to 90° would be expected
to be sufficient to provide a strong adsorption to the interface
compared to thermal energy, so disfavoring desorption during
the compression stage of the dilation process. The energy of
adsorption of the whole molecule will be further significantly
modified by the presence of the hydrophilic arms and their
interactions with the aqueous phase and the oil phase. Venohr
reported a Flory—Huggins parameter for PEO in bulk water of
x = 0.45, showing the great affinity for the polymer in water.”*
Galin reported values for PEO in n-dodecane of y = 2.1-2.7
and for PEO in p-xylene (which is expected to be similar to m-
xylene) of y = 0.38—0.44.”> Tt should be noted that Galin’s
values were for 70 °C; however, they demonstrate the overall
difference in solvency of the two solvents for PEO. Due to the
lack of solubility of the PEO arms in n-dodecane and greater
solubility in the aqueous phase, their presence will cause the
adsorbed polymers to reside to a greater extent in the aqueous
phase thus reducing the contact angle. The Sk PEO arms will
draw the particles further into the aqueous phase to a greater
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Figure 19. Schematic depiction of the Sk PEO star (A) in water alone (B) at the n-dodecane /water interface with collapsed PEO chains in the oil
phase and (C) at the m-xylene/water interface with more extended PEO chains in the oil and (D) for a bare pDVB particle at either oil/water
interface. Note the greater penetration of the polymer core into the m-xylene compared to the n-dodecane and the greater collapse of PEO chains

in n-dodecane compared to those in m-xylene. Not to scale.
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Figure 20. (Left) Variation in limiting interfacial modulus, &, with frequency for the Sk PEO star polymer at the dodecane/water interface. (Right)
Variation in the average limiting interfacial modulus with concentration for the four polymer/oil combinations.

extent than the 2k PEO, despite the greater grafting density of
the latter. This effect also reduces the amount of PEO that is
directly interacting with the oil phase. This will not necessarily
be the case for adsorption at the water/m-xylene interface since
the m-xylene will show a greater affinity for the pDVB core
than the aliphatic n-dodecane and the PEO arms have greater
solubility in the m-xylene and the polymer core will sit more in
the oil phase compared to a bare pDVB particle; this is shown
schematically in Figure 19 for the Sk PEO star. Overall, to
greater or lesser extents, the effect of the hydrophilic chains
will be to moderate the penetration of the cores into the
interface and so reduce the contact angle and the free energy of
adsorption. This facilitates the adsorption/desorption during
the oscillatory dilation leading to frequency-dependent
interfacial moduli. It also accounts for the variation seen in
the kinetics of the interfacial tension. The slower approach to
equilibrium seen with the 2k PEO star compared to the Sk
PEO star results from the greater penetration of the
hydrophobic core into the interface. This would appear to be
the rate-determining step for this length of PEO arm since 2k
PEO stars showed the same kinetics at both m-xylene and n-
dodecane/water interface despite the difference in arm
solubility in the oil. Thus, the star polymers may be considered
as being intermediate between a particle and a polymer when
adsorbing at an interface.

Zell et al. studied the desorption of 8.4 nm diameter iron
oxide nanoparticles stabilized by 2.5k and Sk PEO with ca. 170
and 140 arms per particle.”” They found that despite
desorption energies of 1160 kT with 2.5k PEO arms and
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1930 kT with Sk PEO arms, the particles were able to desorb
under sufficient surface pressure. These values are surprisingly
high to allow desorption, but they suggest that desorption/
adsorption of star polymers is not unrealistic.

It is useful to compare this treatment to star polymers with
higher graft densities of 2k PEO arms since the greater density
of PEO arms would be expected, on the basis of the argument
proposed above, to result in systems that showed weak
adsorption and highly frequency-dependent interfacial moduli.
However, as mentioned earlier, similar polymers with 64 arms
showed the opposite effect in which the moduli at comparable
concentrations were independent of frequency. Moreover,
polymers with 460 arms showed nonsinusoidal interfacial
tension responses during oscillatory dilation. This was
attributed to molecules being ejected under compression and
suggested that they acted very much as particles. Lee et al.”®
studied adsorbed layers (at the air/ water interface) of the
polymer brush poly(ethylene oxide)-poly(n-butyl acrylate)
using neutron reflectivity and surface pressure—area isotherms.
The results showed that water is a poorer solvent for the
grafted PEO arms compared to free PEO in water. They
reported that the Flory—Huggins interaction parameter for the
grafted chains in water was y = 0.79—0.85 compared to the
better than theta value of y = 0.45 for free PEO in water. This
reduced solubility and hydration of grafted PEO chains in
water would be most pronounced for monomer units closest to
the core where they are most closely packed and less
pronounced toward the periphery of the polymer. This
would suggest that as the PEO grafting density increases, the
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hydrophobic core effectively becomes larger. Thus, the
polymer becomes increasingly particle-like, so accounting for
the apparently stronger adsorption of the 64 and 460 2k PEO
arm polymers with graft densities of 1 and 0.54 nm* per arm,
compared to the 3.6 nm* per arm of the 2k PEO star. The
desorption energy found by Zell®® for iron oxide nanoparticles
of similar core size to the pDVB core polymers was much
higher. The reason for this may again be due to the high graft
density (ca. 1.3—1.6 arms/nm”) effectively reducing the
solubility of the PEO arms effectively increasing the core size
and rendering the particle more hydrophobic.

The normalization of the frequency by ¢* suggested that the
rheology was diffusion-controlled and that the star polymers
could readily adsorb and desorb during oscillation. A further
test may be applied to the frequency data, in that in the case of
a diffusion-controlled interfacial response the limiting or high-
frequency interfacial modulus, €, is independent of frequency
since it is the equilibrium value and is dependent only on the
co%centration. For a diffusion-controlled process, €, is given
by

" "
e+ &

6/ _ 8//

° (14)
A representative plot of &, as a function of frequency is shown
in Figure 20 for Sk PEO star at the waer/n-dodecane interface.
The modulus is essentially independent of frequency
confirming that the interfacial modulus is governed by a
diffusional process. Similar frequency-independent behavior
was seen with all four polymer/oil phase pairings. Moreover,
the limiting modulus (averaged over the individual values at
each frequency) was independent of concentration for each of
the four polymer/oil combinations (Figure 20) showing that
the adsorbed layer was similar for all concentrations.

B CONCLUSIONS

Star polymers with 2k and Sk PEO arms at relatively low
grafting density adsorbed at air/water and oil/water interfaces
show interesting properties at the oil/water interface. The
properties of the adsorbed layer were dependent on the nature
of the oil phase, with lower interfacial tensions seen at the m-
xylene/water interface compared to that at the n-dodecane/
water interface. The molecular weight of the PEO arms had
only a small effect on the magnitude of interfacial tensions and
interfacial pressure for each of the two oil phases, while the rate
of approach to equilibrium tension was dependent on the
molecular weight of PEO arms. Oscillatory and relaxation-
based interfacial rheology measurements were powerful
techniques in the understanding of the adsorbed layers of
star polymers at the o/w interface. Both methods showed that
the adsorbed layers of particles were viscoelastic, becoming
increasingly elastic at lower concentrations. The data obtained
as a function of frequency and concentration suggests that,
surprisingly, the particles could adsorb and desorb on the
timescale of the oscillation used in the measurements and that
the characteristic timescale for this process was controlled by
1/c% This concentration dependence was also seen in the
adsorption of the particles at the air/water interface and their
effect on the dynamic surface tension. Emulsion stability tests
showed that despite a relatively facile adsorption/desorption to
and from the interface, the star polymer particles were effective
emulsion stabilizers.
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