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ctrokinetics of cationic spherical
nanoparticles in salt-free non-polar media†

Gregory N. Smith, ‡*a Laura L. E. Mears, b Sarah E. Rogers c

and Steven P. Armes *a

Cationic diblock copolymer nanoparticles have been prepared in n-dodecane via polymerization-

induced self-assembly (PISA). A previously reported poly(stearyl methacrylate)–poly(benzyl

methacrylate) (PSMA–PBzMA) PISA formulation (Chem. Sci. 2016, 7, 5078–5090) was modified by

statistically copolymerizing an oil-soluble cationic methacrylic monomer, (2-(methacryloyloxy)ethyl)

trimethylammonium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, with either SMA or BzMA, to

produce either charged shell or charged core nanoparticles. The electrokinetics were studied as

a function of many variables (function of volume function, particle size, solvent viscosity, and number

of ions per chain). These data are consistent with electrophoresis controlled by counterion

condensation, which is typically observed in salt-free media. However, there are several interesting

and unexpected features of interest. In particular, charged shell nanoparticles have a lower

electrophoretic mobility than the equivalent charged core nanoparticles, and the magnitude of the

electrophoretic mobility increases as the fraction of cationic stabilizer chains in the shell layer is

reduced. These results show that cationic PSMA–PBzMA spheres provide an interesting new example

of electrophoretic nanoparticles in non-polar solvents. Moreover, they should provide an ideal model

system to evaluate new electrokinetic theories.
1 Introduction

The study of colloidal dispersions in non-polar solvents has
been of long-standing academic interest.1–10 One reason for this
research activity is the low relative permittivity (3r) of the media,
which results in long-range interactions. The differing length
scales for ionic interactions in polar and non-polar solvents can
be appreciated by considering the Bjerrum length (lB, see eqn
(1)), which is the characteristic distance at which the Coulombic
attraction is equal to the thermal energy, kBT (kB is the Boltz-
mann constant and T is the absolute temperature).11 e is the
elementary charge, and 30 is the vacuum permittivity.

lB ¼ e2

4p303rkBT
(1)
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At 20 �C, lB for water (for which 3r is 80.1) is 0.71 nm, whereas
for non-polar solvents, such as n-dodecane (for which 3r is 2.0),
lB is 28 nm.12 Therefore, ions in n-dodecane interact over
a length scale that is approximately 40 times greater than that
for ions in water. Moreover, the stabilization of charged colloids
in oils is pertinent to various industrial sectors, including
petrochemicals,13,14 printing,15 and displays.16,17 Given the rela-
tively low 3r of non-polar solvents, producing charged particles
is technically challenging and long-range interactions for such
dispersions are well-known.18–21 However, when colloidally
stable dispersions are produced, their electrophoretic response
to an applied electric eld can be exploited for various appli-
cations, such as xerography, electrophoretic displays, and
electrorheological uids.15–17,22–24 In this context, it is well-
established that polymer colloids prepared in non-polar
media can oen acquire charge via the addition of an ioniz-
able solute, such as a surfactant or small molecule salt.20,25 The
addition of ionic species to particles in non-polar solvents is
unlikely to be sufficient to impart colloidal stability, as would be
the case for colloids in water;19 rather, it introduces function-
ality into particles that are otherwise sterically stabilized.

Alternatively, ionic groups can be incorporated directly into
particles during the synthesis. This is the approach used in this
study. The polymerizable ionic monomer, (2-(methacryloyloxy)
ethyl)trimethylammonium tetrakis[3,5-bis(triuoromethyl)
phenyl]borate (MOTMA-TFPhB), shown in Scheme 1, was
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 The polymerizable ionic monomer, (2-(methacryloyloxy)
ethyl)trimethylammonium tetrakis[3,5-bis(trifluoromethyl)phenyl]
borate (MOTMA-TFPhB) used in this work.

Scheme 2 Sterically-stabilized spherical diblock copolymer nano-
particles in non-polar media prepared via polymerization-induced
self-assembly (PISA). (a) Neutral nanoparticles (control); (b) charged
core nanoparticles; (c) charged shell nanoparticles. In (b) and (c)
charge is conferred by statistical copolymerization of a cationic
methacrylic comonomer during the synthesis of either the core-
forming or shell-forming block. Chemical structures and abbreviated
names for the copolymers used in this study are also shown.
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added during the synthesis. Particle charge arises from these
surface-bound ionic groups.26 This approach creates a unique
ionic environment, with a substantial mismatch between the
highly charged particles and the ion-free non-polar solvent. This
results in several characteristic features for electrokinetic
measurements of charged spheres in salt-free media. Manning
and Oosawa reported strong counterion condensation for
polyelectrolytes in a low-salt environment,27,28 which accounts
for the efficient compaction of DNA that is observed under such
conditions.29 Ohshima has developed analytical expressions for
the surface potential and electrophoretic mobility of both
spheres with a charged core and also spheres and an uncharged
core with a charged shell in salt-free media.30 A schematic
representation of these different types of charged nanoparticles,
in the context of the materials synthesized for this study, is
shown in Scheme 2. In the high-charge limit, the electrokinetic
response is moderated by counterion condensation and
depends on both the volume fraction (f) and the bare particle
charge (Z ¼ ne).31–36

In the literature, charged spheres have been prepared in salt-
free non-polar media via the statistical copolymerization of an
ionic monomer (with methyl methacrylate), using the Antl latex
synthesis method.2,37–39 This is a long established method to
generate polymer colloids in non-polar solvents through
a straightforward synthetic protocol. Small latexes synthesized
using this method are perhaps the best experimental model
system for colloidal hard spheres.40 The poly(12-hydroxystearic
acid) stabilizer copolymer, however, can vary greatly depend-
ing on the batch of precursors used.41 In contrast, in the present
study, we have prepared sterically-stabilized methacrylic
diblock copolymer spheres using reversible addition–fragmen-
tation chain transfer (RAFT) dispersion polymerization.42 This
formulation is an example of polymerization-induced self-
assembly (PISA), which enables the preparation of diblock
copolymer nano-objects directly in a solvent via chain extension
of a soluble macromolecular RAFT agent using a suitable
monomer to form an insoluble core-forming block. PISA offers
several advantages compared to conventional latex polymeri-
zation: various stabilizer blocks are straightforward to synthe-
size, nano-objects can be prepared as concentrated dispersions
without requiring purication, and nanoparticles with desired
morphologies and sizes can be reproducibly targeted. The PISA
approach was originally devised to produce diblock copolymer
nano-objects in water43 but has been recently extended by us44–51

and others52–58 to non-polar solvents.59 PISA enables the rational
This journal is © The Royal Society of Chemistry 2018
design of block copolymer nano-objects with various core-
forming blocks, including poly(methyl acrylate),52–54

poly(benzyl methacrylate),44–47,49,51,58 poly(3-phenylpropyl meth-
acrylate),55–57 poly(benzyl acrylate),48 poly(N-2-(methacryloyloxy)
ethyl pyrrolidone),50 and poly(phenyl acrylate)60 cores. There are
also examples in the literature of the synthesis of polymer nano-
objects using other types of reversible-deactivation radical
polymerization. For example, the synthesis of poly(lauryl
methacrylate)–poly(benzyl methacrylate) nano-objects by atom
transfer radical polymerization has recently been reported,61

and ionizable cationic spherical nanoparticles have also been
prepared using nitroxide-mediated radical polymerization.62

In this paper, we report the incorporation of the oil-soluble
cationic monomer, MOTMA-TFPhB (Scheme 1), into sterically-
stabilized diblock copolymer nanoparticles in non-polar
solvents. The preparation of this monomer is shown in the
ESI (Scheme S1).† Uncharged poly(stearyl methacrylate)–poly
(benzyl methacrylate) diblock copolymer nanoparticles (see
Scheme 2(a)) can be conveniently prepared in non-polar
solvents via PISA to provide a suitable reference system.49,51 To
Chem. Sci., 2018, 9, 922–934 | 923
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introduce charge into these spheres, MOTMA-TFPhB is added
as a comonomer to either the PSMA stabilizer block or the
PBzMA core-forming block (Scheme 2(b) and (c)). Schemes
showing the synthesis of these three types of diblock copoly-
mers are shown in the ESI (Scheme S1).† The general advan-
tages of the PISA approach are directly relevant for these ionic
nanoparticles as well. In particular, nano-objects can be repro-
ducibly prepared with a desired particle size. Additionally, the
well-dened diblock copolymer architecture means that it is
possible to insert ionic units into either the stabilizer chains or
the nanoparticle cores of these diblock copolymer micelles.
Such ne control over the spatial location of the ionic monomer
has not been previously reported.

Electrokinetic studies of both charged core and charged shell
PSMA–PBzMA spheres were conducted to examine the predic-
tions of counterion condensation theories for salt-free non-
polar media. Given the spatial location of the cationic mono-
mer, the electrokinetics and solvodynamics are expected to
differ for these two model systems. Moreover, as far as we are
aware, there have been no previous reports of charged shell,
sterically-stabilized nanoparticles in non-polar solvents. Coun-
terion condensation in salt-free non-polar media leads to
several characteristic and somewhat counterintuitive electro-
phoretic features compared to that observed for charged
nanoparticles in the presence of electrolyte, such as surfactant
charged polymer latexes in non-polar solvents.4,20,21 In partic-
ular, the effect of varying the volume fraction (f), the spatial
location of ionic groups, and the number of charges per particle
lead to some unexpected electrokinetic observations that
should ultimately inspire advances in the renement of elec-
trokinetic theories for colloidal dispersions in salt-free non-
polar media.
2 Experimental
2.1 Materials

(2-(Methacryloyloxy)ethyl)trimethylammonium chloride
(MOTMA-Cl, 80 wt% solution in water), stearyl methacrylate
(SMA), and benzyl methacrylate (BzMA, 96%) monomers were
all purchased from Sigma-Aldrich (UK). BzMA monomer was
passed through a basic alumina column to remove inhibitor
prior to use. Sodium tetrakis(3,5-bis(triuoromethyl)phenyl)
borate (Na-TFPhB) was a gi from Merck Chemicals Ltd (UK).
2,2-Azobisisobutyronitrile (AIBN) initiator was purchased from
Molekula (UK), and tert-butyl peroxy-2-ethylhexanoate (T21s)
initiator was a gi from AkzoNobel (The Netherlands). Cumyl
dithiobenzoate (CDB, 99%) was purchased from Sigma-Aldrich
(UK) and used a supplied. Solvents for synthesis and purica-
tion (dichloromethane, toluene, tetrahydrofuran, ethanol,
methanol, and isopropanol) were purchased from either VWR,
Sigma-Aldrich, or Fisher (UK) and were used as supplied.
Deuterated solvents were obtained from either Cambridge
Isotope Laboratories (USA) (acetone-d6 and dichloromethane-
d2) or Sigma-Aldrich (UK) (chloroform-d3). Solvents to prepare
dispersions were obtained from either Sigma-Aldrich (UK)
(n-dodecane, $99%) or Alfa Aesar (UK) (n-hexadecane, 99%).
924 | Chem. Sci., 2018, 9, 922–934
2.1.1 Ionic monomer. The ionic comonomer (2-(meth-
acryloyloxy)ethyl)trimethylammonium tetrakis(3,5-bis-
(triuoromethyl)phenyl)borate (MOTMA-TFPhB) was obtained
from a salt metathesis reaction, as previously described in the
literature.63 Briey, sodium tetrakis(3,5-bis(triuoromethyl)
phenyl)borate was dissolved in dichloromethane and
combined with an aqueous solution of (2-(methacryloyloxy)
ethyl)trimethylammonium chloride in a separating funnel. The
organic layer was collected and rinsed once with water to
remove the water-soluble salt byproduct. The organic phase was
collected, and the solvent removed under vacuum to isolate the
desiredmonomer. d 1H (400MHz; acetone-d6; solvent reference)
1.95 (3H), 3.56 (9H), 4.09 (2H), 4.78 (2H), 5.74 (1H), 6.15 (1H),
7.68 (4H), 7.81 (8H). Elemental analysis. Found: C, 48.6%; H,
3.2%; N, 1.4%; Cl, 0.0%. Calc. for C41H30BF24NO2: C, 47.6%; H,
2.9%; N, 1.4%.

2.1.2 Synthesis of PSMA macromolecular chain transfer
agent (macro-CTA). Non-ionic and ionic PSMA macro-CTAs
were prepared similarly. For the non-ionic PSMA40 macro-
CTA, SMA (20.0167 g, 59.1 mmol), CDB (0.4377 g, 1.61 mmol),
and AIBN (0.0532 g, 0.32 mmol; CDB/AIBN molar ratio ¼ 5.0)
were dissolved in toluene (30.5538 g). The solution was purged
with nitrogen and then heated at 70 �C for 10 h. The crude
PSMA was puried by precipitation into ethanol to remove
unreacted monomer and initiator. According to 1H NMR spec-
troscopy analysis in CDCl3, the polymerization reached 69%
conversion. The puried polymer was also characterized using
gel permeation chromatography (GPC) to determine the molar
mass distribution (Mn ¼ 11 100 g mol�1, Mw ¼ 13 400 g mol�1,
ĐM ¼ Mw/Mn ¼ 1.21). End-group analysis by 1H NMR spectros-
copy in CD2Cl2 indicated a mean degree of polymerization (DP)
of 40 (integrated CDB aromatic protons at 7.1–8.1 ppm were
compared with the two PSMA oxymethylene protons at 3.8–4.0
ppm). For the ionic P(SMA36-stat-MOTMA4) macro-CTA, SMA
(11.2104 g, 33.1 mmol), MOTMA-TFPhB (3.9389 g, 3.80 mmol),
CDB (0.3174 g, 1.17 mmol), and AIBN (0.0403 g, 0.25 mmol; CDB/
AIBN molar ratio ¼ 5.0) were dissolved in toluene (23.7839 g).
This reaction solution was purged with nitrogen and then heated
at 70 �C for 10 h. Unfortunately, incorporation of the ionic
monomer meant that the resulting macro-CTA could not be
precipitated using excess ethanol. Instead, unreacted MOTMA-
TFPhB monomer was removed by precipitation of the crude
copolymer into ice-coldmethanol, which is a bad solvent for both
SMA and PSMA. This crude copolymer was puried by dialysis
against isopropanol to remove all unreacted SMA monomer, as
monitored by 1H NMR spectroscopy in CDCl3. According to 1H
NMR spectroscopy in CDCl3, the polymerization of the como-
nomers was to 84% for PSMA and 87% for PMOTMA, suggesting
similar comonomer reactivities for these two methacrylic
monomers. GPC analysis was not attempted because of the
likelihood of column-adsorption problems. The puried copol-
ymer was characterized by 1H NMR spectroscopy in CD2Cl2,
which indicated a MOTMA comonomer content of 10 mol% and
a mean DP of 40 by comparing the integrated CDB aromatic
protons at 7.1–8.1 ppm with the two SMA oxymethylene protons
and the two MOTMA oxymethylene protons at 4.2–4.6 ppm.
This journal is © The Royal Society of Chemistry 2018
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2.1.3 Synthesis of non-ionic and ionic PSMA–PBzMA
copolymer spheres. The RAFT dispersion polymerization reac-
tions of BzMA in n-dodecane was conducted at 20 wt%. BzMA,
T21s initiator (added as a 10 wt% solution in n-dodecane; T21s/
macro-CTA molar ratio ¼ 3), and PSMA or P(SMA-stat-MOTMA)
macro-CTA were combined using appropriate masses. Each
reaction solution was purged with nitrogen and then heated at
90 �C for 18–24 h. Conversions were determined by 1H NMR
spectroscopy in CDCl3, and molar mass distributions were
assessed for non-ionic diblock copolymers using GPC. Charac-
terization of all multiblock polymers is given in the ESI (Tables
S1–S8).†

2.1.4 Preparation of dilute dispersions of copolymer
spheres. The as-synthesized spherical nanoparticle dispersions
prepared at 20 wt% were diluted to volume fractions ranging
from 5� 10�5 to 2.2� 10�3 (equivalent to 7� 10�3 to 0.02 wt%)
as desired using either n-dodecane (stored over molecular
sieves) or n-hexadecane (used as supplied). The presence of
moisture in non-polar solvents can inuence their electroki-
netics and electrostatics. Every effort was made to minimize
exposure of these dispersions to the atmosphere. The amount of
trace water in the hydrocarbon solvents used in this study was
measured by Karl Fischer titration and was found to be 6 �
1 ppm in n-dodecane and 20.8 � 0.5 ppm in n-hexadecane.
2.2 Analytical methods

2.2.1 Small-angle neutron scattering (SANS). Neutron
scattering measurements were performed using the instrument
Sans2d at the ISIS Pulsed Neutron Source (STFC Rutherford
Appleton Laboratory, Didcot, UK).64 The modulus of the
momentum transfer vector (Q) is dened in eqn (2), where q is
half the scattering angle and l is the wavelength of the
radiation.

Q ¼ 4p sin q

l
(2)

A simultaneous Q-range of 0.006–0.68 Å�1 was achieved by
using an incident wavelength range of 1.75–16.5 Å and
employing an instrument setup with source–sample and
sample–detector distances of L1 ¼ L2 ¼ 4 m and the 1 m2

detector offset vertically 60 mm and sideways 100 mm. Raw
scattering data sets were corrected for the detector efficiency,
sample transmission, and background scattering and converted
to scattering cross sections using the instrument-specic so-
ware, Mantid.65,66 These data were placed on an absolute scale
(cm�1) using the scattering from a standard sample (a solid
blend of hydrogenous and perdeuterated polystyrene).67 Data
were t to models as described in the text using the SasView
small-angle scattering soware package.68

2.2.2 Dynamic light scattering (DLS). Solvodynamic Z-
average particle diameters were determined from cumulants
analysis (Malvern Zetasizer soware) using a Malvern Zetasizer
Nano ZS. Diffusion coefficients (D) were converted to particle
radii (r) using the Stokes–Einstein equation,69,70 where kBT is the
thermal energy and h is the solvent viscosity.
This journal is © The Royal Society of Chemistry 2018
D ¼ kBT

6phr
(3)

Alternatively, intensity-average size distributions were
determined using the same soware. These were converted to
number-average (dN) and volume-average (dV) size distributions
using Mie scattering theory, inputting refractive indexes of n-
dodecane and PBzMA taken from the literature.71 Measure-
ments were performed at 25 �C on dispersions with a concen-
tration of �0.1 wt%. Three measurements of approximately ten
runs of 10 s duration were performed and averaged.

2.2.3 Transmission electron microscopy (TEM). Diblock
copolymer dispersions were diluted to generate 0.01 wt%
dispersions. Copper TEM grids (Agar Scientic, UK) were
surface-coated in-house to yield a thin lm of amorphous
carbon. Each diblock copolymer dispersion was placed onto
a grid and the solvent allowed to evaporate slowly at room
temperature. To stain the deposited nanoparticles, the grids
were exposed to ruthenium(IV) oxide vapor for 7 min at 20 �C
prior to analysis.44 This heavy metal compound acted as a posi-
tive stain to improve contrast. The ruthenium(IV) oxide was
prepared as follows: ruthenium(II) oxide (0.30 g) was added to
water (50 g) to form a black slurry; addition of sodium periodate
(2.0 g) with stirring produced a yellow solution of ruthenium(IV)
oxide within 1 min. Imaging was performed at 100 kV using
a Phillips CM100 instrument equipped with a Gatan 1k CCD
camera. Number-average particle size distributions were ob-
tained by measuring the area of at least 100 nanoparticles and
then calculating a histogram with 5 nm wide bins using ImageJ
1.51p.72 These histograms were then t to a Gaussian
distribution.

2.2.4 Phase-analysis light scattering (PALS). Electropho-
retic mobilities were determined from PALS measurements
using a Malvern ZetaSizer Nano ZS with a universal dip cell
electrode. The applied eld strength was 2.0 � 104 V m�1.
Measurements were performed at 25 �C on dispersions with
concentrations specied in the text. Ten runs of between 50 and
200 measurements were performed, depending on the intensity
of the scattered light.

2.2.5 Gel permeation chromatography (GPC). Molecular
weight distributions were assessed by GPC at 35 �C. The set-up
comprised a guard column and two 5 mm PL-gel Mixed-C
columns connected in series to an Agilent Technologies 1260
Innity refractive index detector, using tetrahydrofuran con-
taining 2.0 vol% triethylamine and 0.05 vol% butylhydrox-
ytoluene as an eluent at a ow rate of 1.0 mL min�1. A series of
ten near-monodisperse poly(methyl methacrylate) (PMMA)
standards (Mp ranging from 1280 to 330 000 g mol�1) were
employed as calibration standards.

2.2.6 Small-angle X-ray scattering (SAXS). Small-angle X-ray
scattering (SAXS) measurements were performed on a Bruker
AXS Nanostar instrument at the University of Sheffield. It was
modied with microfocus X-ray tube (GeniX3D, Xenocs) and
motorized scatterless slits for the beam collimation and used
a 2D HiSTAR multiwire gas detector. The sample-detector
distance was 1.46 m, and l was of Cu Ka radiation. This gave
Chem. Sci., 2018, 9, 922–934 | 925
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Fig. 1 SANS scattering curves and model fits obtained for non-ionic
(PSMA40, S40) and ionic (P(SMA36-stat-MOTMA4), S36-stat-M4) macro-
CTAs dissolved at 2.0 wt% in n-dodecane-d26. The top panel shows
the data compared to the scattering calculated for a Gaussian coil
(dotted line), with poor agreement in the high-Q regime, and also for
a fit to the Guinier–Porod model (dashed line), for which much better
agreement is observed. The relatively long stearyl side-branches
extending from the methacrylic backbone lead to a more globular
structure, which results in deviation from the scattering expected for
a Gaussian coil. The bottom panel shows a satisfactory data fit to
a flexible cylindermodel (solid line), suggesting that thesemacro-CTAs
are best considered as “bottlebrush”-type polymers.74,75
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an accessible Q-range (eqn (2)) of 0.008 < Q < 0.16 Å�1. Glass
capillaries of 2.0 mm diameter were used as a sample holder,
and an exposure time of 1.0 h was utilized for each sample.
SAXS data were reduced using Nika macros for Igor Pro. SAXS
data were analyzed using custom implemented spherical
diblock copolymer micelle models written for the Irena
package73 implemented in Igor Pro 6.37.

3 Results and discussion

PISA has been used to prepare spherical nanoparticles
comprising a poly(benzyl methacrylate) (PBzMA) core block and
a poly(stearyl methacrylate) (PSMA) stabilizer (or shell) block.
Both charged shell and charged core polymer spheres have been
prepared in a salt-free non-polar solvent, n-dodecane. Coun-
terion condensation is a characteristic property of charged
nanoparticles in salt-free media, particularly in low dielectric
solvents.31–36 This results in effective particle charges and elec-
trophoretic mobilities that are strongly dependent on the
particle volume fraction (f). The model PSMA–PBzMA spheres
described in this study contain a cationic comonomer whose
spatial location can be varied according to the synthesis
conditions. In the following sections, we show that such
charged nanoparticles exhibit various well-known features of
counterion condensation along with some unexpected
behavior.

A pair of RAFT macro-CTAs was prepared with the same
overall degree of polymerization (DP) but with different func-
tionality. A non-ionic PSMA macro-CTA was composed entirely
of SMA repeat units, whereas a cationic P(SMA-stat-MOTMA)
macro-CTA contained four MOTMA-TFPhB units in addition to
SMA. Small-angle neutron scattering (SANS) measurements
were performed on these two precursor blocks at a concentra-
tion of 2.0 wt% in n-dodecane-d26. Deuterated solvent was used
to ensure sufficient isotopic contrast for SANS measurements.
Both the raw data and ts to several models are shown in Fig. 1.
Gratifyingly, the scattering curves obtained for these two
copolymers are very similar. This conrms that 10 mol%
cationic comonomer does not signicantly impact their
conformation in n-dodecane, so it is reasonable to assume that
these two macro-CTAs should behave similarly when used as
steric stabilizers for the PISA syntheses of diblock copolymer
nanoparticles.

The radius of gyration (Rg) of each polymer can be calculated
using the Guinier approximation76 at low-Q (Rg � 21 Å in both
cases). This value was then used to calculate the scattering ex-
pected for a Gaussian coil of that Rg (dotted line in Fig. 1).77 The
calculated scattering curves do not agree with the data, so this
model is not appropriate. In view of their relatively long stearyl
side-groups, the polymers were instead analyzed as “bottle-
brush”-type polymers.74,75 This involved using both the Guinier–
Porod model and a exible cylinder model to t the data, as
recently reported by Pesek et al.78 The Guinier–Porod anal-
ysis79,80 (dashed line in Fig. 1) showed that both polymers had
similar Rg values of 19 Å, with Porod exponents of 3.5 for the
PSMA40 non-ionic macro-CTA and 4.0 for the P(SMA36-stat-
MOTMA4) ionic macro-CTA. For Gaussian coils, the Porod
926 | Chem. Sci., 2018, 9, 922–934
exponent should be 2, so the above values indicate that these
macro-CTAs have an interface that is more like a surface fractal
(exponent between 3 and 4) or a smooth interface (exponent
of 4).81 Both polymers are also slightly non-spherical, with
a dimension parameter 3-s of approximately 2.92. (s ¼ 0 for
spheres, and s¼ 1 for rods.) Thus, these polymer chains are best
considered exible cylinders; accordingly, the SANS data have
been t to a suitable model (solid line in Fig. 1).82,83 The contour
length of the cylinders was xed (102 Å for a polymer with
a mean DP of 40), and the Kuhn length and cylinder radius
(assuming a Gaussian distribution) were allowed to vary. A
satisfactory data t is obtained using this model. Although the
scattering curves for the two polymers are very similar, there are
minor differences in the best ts. The Kuhn length is somewhat
shorter for the ionic macro-CTA compared to the non-ionic
macro-CTA (12 Å versus 18 Å), and the radius of the former is
greater than the latter (16 Å versus 13 Å). The cylinder radii are
slightly shorter compared to that expected from geometrical
extension alone.84 In summary, SANS measurements (Fig. 1)
indicate that the solution morphology of these two steric
stabilizers are quite similar. Both most likely adopt a “bottle-
brush”-type conformation at the surface of the corresponding
respective diblock copolymer nanoparticles.
This journal is © The Royal Society of Chemistry 2018
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Initially, PSMA40–PBzMA600 and PSMA40–PBzMA2000 spheres
were prepared in n-dodecane as control samples before
studying the effect of introducing the cationic comonomer in
different locations. The PSMA40 macro-CTA stabilizer has a rela-
tively narrow molar mass distribution (ĐM ¼ Mw/Mn ¼ 1.22),
as expected for a well-controlled RAFT solution polymerization.
In contrast, both diblock copolymers have relatively broad
molar mass distributions with ĐM ¼ Mw/Mn ¼ 1.89 and
ĐM ¼ Mw/Mn ¼ 2.94, respectively. Gradual loss of RAFT control
over the polymerization when targeting longer core-forming
blocks has been previously reported for other closely-related
PISA formulations.49 However, it is emphasized that this does
not have any discernible impact on the copolymer morphology:
uniform spherical nanoparticles can still be obtained.

For these SMA-basedmacro-CTAs, incorporating the cationic
comonomer into the stabilizer chains had little impact on their
solution morphology. In contrast, the presence and location of
the cationic comonomer has a strong inuence on the size of
the spherical nanoparticles. Intensity-average particle size
distributions determined by DLS and TEM micrographs are
shown in Fig. 2. Although the molar mass distributions of the
diblock copolymer chains are almost certainly broad, it is
emphasized that the particle size distributions are relatively
narrow. The DLS polydispersity indexes for these nanoparticles
are all 0.05 or below.
Fig. 2 Intensity-average particle size distributions determined by DLS
for uncharged, charged core, and charged shell PSMA–PBzMA diblock
copolymer micelles. As expected, spheres with BzMA2000 cores are
larger than those with BzMA600 cores. Adding cationic comonomer to
the copolymer chains increases the particle size compared to the
corresponding non-ionic copolymer chains. Moreover, the spatial
location of this cationic comonomer also influences the particle size of
the spheres: charged shell are larger than charged core nanoparticles.
Representative TEM micrographs for the diblock copolymer nano-
particles are shown as insets. The scale bars represent 200 nm.

This journal is © The Royal Society of Chemistry 2018
Fig. 2 shows DLS particle size distributions as well as TEM
micrographs for uncharged, charged shell, and charged core
nanoparticles targeting either PBzMA600 or PBzMA2000 cores.
Incorporating the cationic comonomer into either the stabilizer
block or the core-forming block always leads to larger nano-
particles. The number of cationic comonomer residues per
copolymer chain is the same for the charged core and charged
shell nanoparticles, and incorporating charge into the stabilizer
shell has a greater effect on the particle size than copolymer-
izing cationic comonomer into the core-forming block. The
particle size effects will be discussed in more detail in
Section 3.2.
3.1 Varying the nanoparticle volume fraction

One consequence of counterion condensation is that electro-
kinetic phenomena no longer depend on the bare particle
charge (Z) in the high-charge limit.85 Instead, the electropho-
retic mobility (m) is a function of the particle volume
fraction f.39 All electrophoresis data are shown in terms of the
reduced (unitless) electrophoretic mobility, m/m0, where
m0 ¼ e/(6phlB)39 Ohshima derived an analytical expression to
relate m to f in the high-charge limit.33

m/m0 ¼ ln(1/f)U (4)

U ¼ 1� 9f1=3

5
þ f� f2

5
(5)

This expression is independent of particle size and repre-
sents the maximum electrophoretic mobility that can be ob-
tained for a charged particle undergoing counterion
condensation at a given volume fraction. This equation is
strictly only applicable to charged core spheres.33 For charged
shell spheres, a similar expression can be obtained that
includes a contribution from the drag coefficient (DH) of
a particle with a solvent-permeable shell.35

m=m0 ¼
6phb

DH

lnð1=fÞU (6)

DH can be calculated as a function of the core radius (a), the
core radius plus shell thickness (b), the friction coefficient (g),
and the solvent viscosity (h). In the upper limit where g / N,
DH is equal to 6phb, and eqn (6) reduces to eqn (4). In the lower
limit where g / 0, DH is equal to 6pha, and the reduced elec-
trophoretic mobility of a charged shell sphere should be that of
a charged core sphere multiplied by b/a.35 The possible effect of
solvodynamics will be explored in more detail in Section 3.3 by
dispersing both charged core and charged shell nanoparticles
in similar solvents of differing viscosities (n-dodecane versus n-
hexadecane).

The experimentally-determined electrophoretic mobilities
for both charged core and charged shell nanoparticles with
core-forming blocks of DP 600 or 2000 are shown in Fig. 3 and 4,
respectively. The magnitude of m/m0 differs for these two
systems, which is not accounted for by either expression dis-
cussed above. However, similar observations have been
Chem. Sci., 2018, 9, 922–934 | 927
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Fig. 4 Electrophoretic mobility (m) and reduced mobility (m/m0)
determined for charged core and charged shell PBzMA nanoparticles
(DP¼ 2000) containing four units of cationic comonomer in either the
shell or the core. The data are fitted to eqn (7) with n as the only fitting
parameter (solid lines). As the nanoparticle DLS diameters (charged
core: 171 nm, charged shell: 190 nm) are significantly greater than that
of the nanoparticles shown in Fig. 3 (charged core: 81 nm, charged
shell: 89 nm), m/m0 is closer to the maximum (eqn (4)). There is also
clearly a qualitative difference between the charged core and charged
shell nanoparticles, with the former exhibiting higher electrophoretic
mobilities at all volume fractions (f).

Fig. 3 Electrophoretic mobility (m) and reduced mobility (m/m0)
determined for charged core and charged shell PBzMA nanoparticles
(DP ¼ 600) containing four units of cationic comonomer in either the
shell or the core. The data are fitted to eqn (7) with n as the only fitting
parameter (solid lines). Owing to the relatively small size of the
nanoparticles, m/m0 is significantly lower than that predicted (eqn (4)).
Moreover, m/m0 is slightly lower for the charged shell nanoparticles
compared to the charged core nanoparticles.

Fig. 5 THF GPC chromatograms recorded for non-ionic PSMA40–
PBzMAx diblock copolymers with value of x ranging from 174 to 2758.
The PSMA40 macro-CTA has a relatively low molar mass distribution
(ĐM ¼ Mw/Mn ¼ 1.22), as do the three diblock copolymers with core-
forming block DPs below 600 (ĐM ¼ Mw/Mn < 2.00). However, higher
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previously reported for charged PMMA latexes in salt-free
media.39 This indicates that this is a generic feature of the
electrokinetics of charged nanoparticles in salt-free media,
rather than merely an esoteric system-dependent observation.

To account for this reduction in the magnitude of m/m0, we
introduce a size-dependent constant (n) into eqn (4).

m/m0 ¼ n ln(1/f)U (7)
928 | Chem. Sci., 2018, 9, 922–934
This is an empirical scaling parameter that modies the
magnitude of the m/m0 without affecting the f dependence. The
data shown in Fig. 3 and 4 have been tted using eqn (7). For
charged core nanoparticles, the numerical value of n is a direct
consequence of the particle diameter, similar to those reported
by Gillespie et al. for charged PMMA latexes.39 For charged shell
spheres, the value of n is a compound function of both the
particle size and drag coefficient. Thus, this provides a conve-
nient means of quantifying how the charged shell nanoparticles
differ from the charged core nanoparticles.

The agreement between the experimental data and t values
of m/m0 for the charged core spheres in Fig. 3 and 4 is very
gratifying given that the only tting parameter is the f-inde-
pendent magnitude n. This clearly shows that the effective
charge of the particles is dictated by counterion condensation.
It also shows that these two dispersions are still in the high-
charge limit, as the electrophoretic mobility should become
independent of f in the low-charge limit.32,33 However, the
reason for the difference in the magnitude of m for charged core
and charged shell differs is not immediately apparent. Possible
explanations will be considered in Section 3.4.
3.2 Varying the nanoparticle diameter

In Section 3.1, the mean particle diameter was varied by
adjusting the DP for the core-forming PBzMA core block. As
shown in Fig. 2, increasing this target DP leads to larger
nanoparticles. To further explore the effect of varying this
parameter, a series of six nanoparticles were synthesized with
target PBzMA DPs ranging from 180 to 3000. Relatively high
conversions were obtained in all cases. GPC data for the non-
DPs lead to progressively broader molar mass distributions (Đ ¼MMw/
Mn U 3.00).

This journal is © The Royal Society of Chemistry 2018
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Table 1 Particle sizes of diblock copolymer nanoparticles from DLS,
TEM, and SAXSa

DLS and TEM

dZ (DLS)/nm
(Polydispersity
index) dN (TEM)/nm (cV) dN (DLS)/nm (cV)

Uncharged
S40–B174 50 (0.05) 25 (0.24) 39 (0.23)
S40–B322 71 (0.10) 36 (0.20) 50 (0.26)
S40–B592 80 (0.02) 54 (0.25) 66 (0.22)
S40–B1084 124 (0.01) 77 (0.23) 106 (0.23)
S40–B1928 159 (0.01) 109 (0.13) 143 (0.24)
S40–B2758 259 (0.02) 216 (0.15) 242 (0.24)
a 0.48 0.61 0.56

Charged shell
(S36-M4)–B164 66 (0.23) 28 (0.24) 37 (0.28)
(S36-M4)–B311 77 (0.13) 39 (0.23) 51 (0.28)
(S36-M4)–B594 93 (0.01) 60 (0.27) 77 (0.22)
(S36-M4)–B1005 133 (0.03) 98 (0.27) 117 (0.23)
(S36-M4)–B1898 193 (0.03) 150 (0.25) 178 (0.25)
(S36-M4)–B3072 285 (0.04) 243 (0.23) 268 (0.24)
a 0.44 0.71 0.65

Charged core
S40–(B169-M4) 46 (0.01) 30 (0.23) 38 (0.21)
S40–(B338-M4) 65 (0.05) 39 (0.24) 51 (0.24)
S40–(B586-M4) 84 (0.05) 53 (0.24) 68 (0.23)
S40–(B1076-M4) 122 (0.03) 79 (0.29) 104 (0.24)
S40–(B1810-M4) 178 (0.01) 142 (0.21) 163 (0.25)
S40–(B3568-M5) 382 (0.03) 328 (0.15) 366 (0.25)
a 0.56 0.65 0.61

a All DLS diameters are the solvodynamic size. TEM and SAXS diameters
are the core size. The coefficient of variation (cV) is given by the standard
deviation over the mean (s/d). Values of a (df DPa) exclude the highest
DP copolymer micelle.

SAXS dV (SAXS)/nm (cV) nagg dV (DLS)/nm (cV)

S40–B174 (uncharged) 27 (0.12) 243 45 (0.27)
(S36-M4)–B164 (charged shell) 30 (0.13) 331 48 (0.42)
S40–(B169-M4) (charged core) 30 (0.11) 301 43 (0.24)
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ionic diblocks are shown in Fig. 5. ĐM ¼ Mw/Mn values increase
from 1.56 for PSMA40–PBzMA174 up to 5.96 for PSMA40–
PBzMA2758. Nevertheless, the corresponding DLS particle size
distributions remain narrow for these non-ionic diblock
copolymers (Fig. 6).

Mean particle diameters were calculated for uncharged,
charged shell, and charged core PSMA–PBzMA nanoparticles for
core-forming block DPs ranging from �200 to �3000. Particle
diameters were measured using DLS (dZ and dN) and TEM (dN),
and these data are summarized in Table 1. Derry et al. have
previously shown that the DLS diameter has a power law
dependence on DP for a series of uncharged PSMA–PBzMA
spherical nanoparticles.49 The power law exponent a varies
between from 0.50 to 1.0, with the lower value indicating
unperturbed chains and the higher value indicating fully-
extended chains. The same analysis was performed for the
DLS and TEM data obtained in the present study for the
uncharged, charged shell, and charged core nanoparticles. The
largest spheres (DP � 2000) were excluded from the tted data
in Table 1 given their relatively high ĐM values. The a values for
otherwise identical dispersions vary for the differently weighted
diameters, so it is important to compare using a single sizing
method. For values of dZ measured by DLS for uncharged
nanoparticles, a is equal to 0.48; this is expected for relatively
long PSMA stabilizer chains, according to the literature.49 The
value of a for the charged nanoparticles is typically greater than
that for the uncharged nanoparticles, which suggests that the
core-forming chains are weakly perturbed. This illustrates the
impact of incorporating ionic groups into a low dielectric
environment; just four cationic comonomer residues per
copolymer chain leads to sufficient mutual repulsion.

In addition to DLS and TEM, small-angle X-ray scattering
(SAXS) is a powerful method for characterizing nano-
structures.86 SAXSmeasurements were obtained for the smallest
diblock copolymer nanoparticles, and the data were t to
a spherical micelle model,87,88 as discussed in the ESI.† The
advantage of using SAXS to assess nanoparticle size is that the
Fig. 6 Intensity-average DLS particle size distributions obtained for
uncharged PSMA40–PBzMAx diblock copolymer nanoparticles with x
values ranging from 174 to 2758. The nanoparticle diameter (dZ)
increases monotonically with the DP of the core-forming block, and
the polydispersity indexes are low.

This journal is © The Royal Society of Chemistry 2018
technique is far more statistically robust than TEM and
provides signicantly more structural information than DLS
(such as mean particle core diameters and aggregation
numbers). Fits to the data are shown in the ESI,† and the best t
dimensions are shown in Table 1. The mean core diameters are
similar, as would be expected for diblock copolymer nano-
particles prepared with the same core DP, although the two
charged nanoparticles are larger than the uncharged nano-
particles. The core diameter is approximately 10 nm smaller
than the DLS-determined dV, which suggests that the PSMA
stabilizers may extend farther into the solvent than might be
expected based on their radius of gyration alone. SAXS analysis
also enables the determination of the aggregation number (nagg)
from the spherical volume of the core divided by the volume of
a single core-forming block. This is important, because it allows
the number of bare charges per nanoparticle to be calculated.
As expected, the larger core volume of the charged nano-
particles corresponds to higher aggregation numbers compared
to that for the uncharged nanoparticles.
Chem. Sci., 2018, 9, 922–934 | 929
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By producing a series of nanoparticles of varying dimen-
sions, the effect of particle size on electrophoretic mobility can
be investigated. Studies of other charged core particles in non-
polar solvents indicate that m increases linearly with size for
small particles but reaches a plateau value for larger particles.39

Reduced mobilities determined for both charged core and
charged shell nanoparticles are shown in Fig. 7; these data are
broadly consistent with the literature. The inuence of the
spatial location of the ionic comonomer is more discernible
from this data set than from the electrophoretic data shown in
Fig. 3 and 4. For particles of equivalent size, the charged shell
nanoparticles possess lower mobilities than the charged core
nanoparticles. This also indicates an important advantage of
using PISA to produce charged nanoparticles in non-polar
solvents. Compared to conventional latex syntheses based on
free radical polymerization, it is rather straightforward to
produce relatively small nanoparticles using RAFT-mediated
PISA. Moreover, in this regime electrophoretic mobility
depends most strongly on particle size. The linear ts to the
data are for particles smaller than 100 nm (solid line: charged
core, dashed line: charged shell). The magnitude of the reduced
mobility increases linearly for small nanoparticles and
approaches a limiting value for larger nanoparticles. From these
data, it is also clear that the charged shell nanoparticles possess
lower reduced mobilities than charged core nanoparticles of
equivalent size.
3.3 Varying the solvent viscosity

In principle, varying the solvent viscosity should indicate
whether solvodynamics are important for the electrophoresis of
these sterically-stabilized nanoparticles in salt-free media. For
charged core nanoparticles, the reduced mobility should be
equivalent in different solvents as the m0 term accounts for the
Fig. 7 Electrophoretic mobility (m) and reduced mobility (m/m0) for
both charged core and charged shell nanoparticles as a function of
DLS particle diameter (dZ) at a fixed volume fraction f of 1.5 � 10�4.
The linear fits to the data are for particles smaller than 100 nm (solid
line: charged core, dashed line: charged shell). The magnitude of the
reduced mobility increases linearly for small nanoparticles and
approaches a plateau value for larger nanoparticles. From these data, it
is also clear that the charged shell nanoparticles possess lower
reduced mobilities than charged core nanoparticles of equivalent size.

930 | Chem. Sci., 2018, 9, 922–934
difference in solution viscosity. However, the effect of changing
the viscosity cannot be predicted a priori for charged shell
nanoparticles. This is because the drag term (DH) in eqn (6)
depends on the solvent viscosity.35

n-Hexadecane was chosen for comparison to n-dodecane
because it is chemically very similar (essentially identical rela-
tive permittivity12) but has a signicantly greater viscosity
(approximately twice as viscous89).90 As-synthesized charged
core (PSMA40 macro-CTA) or charged shell (P(SMA36-stat-
MOTMA4 macro-CTA) dispersions prepared in n-dodecane were
diluted to a volume fraction of 1.5 � 10�4 using either
n-dodecane or n-hexadecane. Although there will be some
n-dodecane present, at this level of dilution, the residual
n-dodecane in dispersions in n-hexadecane is only around
0.1 wt%, which is considered negligible. The volume fraction
was xed to ensure that there were no differences due to
counterion condensation (see eqn (4) and (6)). DLS diameters
were also determined in n-hexadecane, and in general very
similar sizes were obtained in these two solvents.

The normalized electrophoretic mobilities for charged core
nanoparticle dispersions are comparable for n-dodecane and
n-hexadecane (Fig. 8). The raw experimental values of m are
approximately halved in n-hexadecane compared to n-dodec-
ane. This is expected given the relative solvent viscosities.90 This
is important, because it conrms that normalization by m0

accounts for the inuence of the solvent viscosity.
Electrophoretic mobilities for charged shell nanoparticles in

n-dodecane and in n-hexadecane are shown in Fig. 9. As for
charged core nanoparticles shown in Fig. 8, the viscosity-
normalized mobilities are essentially identical in these two
solvents. Themagnitude of m/m0 is less than for the charged core
spheres in both solvents. This strongly suggests that the
reduction in mobility for charged shell nanoparticles, discussed
in Section 3.1, is not due to solvodynamics (which would be
Fig. 8 Electrophoretic mobility (m) in n-dodecane and n-hexadecane
and reducedmobility (m/m0) for charged core PBzMA2000 spheres in n-
dodecane and n-hexadecane as a function of DLS particle diameter
(dZ) at a fixed volume fraction f of 1.5� 10�4. The linear fits to the data
are for particles smaller than 100 nm (solid line: n-dodecane, dotted
line: n-hexadecane). The size dependence of the mobility is essentially
the same in the two solvents, demonstrating that normalization by m0
accounts for the effect of solvent viscosity.

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Electrophoretic mobility (m) in n-dodecane and n-hexadecane
and reduced mobility (m/m0) for charged shell PBzMA2000 spheres in n-
dodecane and n-hexadecane as a function of DLS particle diameter
(dZ) at a fixed volume fraction f of 1.5� 10�4. The linear fits to the data
are for particles smaller than 100 nm (dashed line: n-dodecane, dotted
line: n-hexadecane). The size dependence of the mobility is the same
for the two solvents, which demonstrates that the reduction inmobility
is not due to hydrodynamics in the stabilizer layer but rather due to
electrostatics.

Fig. 10 DLS solvodynamic diameters (dZ, top), electrophoretic
mobility (m, bottom), and reduced mobilities (m/m0, bottom) for
charged core PSMA40–(PBzMA2000-stat-PMOTMAm) nanoparticles in
n-dodecane at a fixed volume fraction (1.5� 10�4). The diameters vary
slightly as the content of the cationic MOTMA comonomer is
systematically reduced; fewer ionic groups result in smaller nano-
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inuenced by the change in viscosity) but rather by
electrostatics.
particles. (The solid line is a linear fit as a guide to the eye.) However,
the electrophoretic mobility, remains independent of the cationic
comonomer content. (The solid line represents the mean value.) This
suggests that an extremely small number of ionic groups would be
required to access the low-charge limit in non-polar solvents.
3.4 Varying ionic fraction

For both charged core and charged shell nanoparticles in salt-
free media, the onset of counterion condensation occurs at
a certain particle charge (Z).32,33,85 Above this critical value, the
electrophoretic mobility is independent of the particle charge
and is proportional to f (eqn (4)). Below this critical value, the
electrophoretic mobility depends on the particle charge. As far
as we are aware, all reports of charged spheres in salt-free non-
polar solvents lie within the high-charge limit,37–39 so it is not
possible to determine the effect of bare particle charge. By using
PISA to synthesize these charged nanoparticles, the number of
charged groups can be controlled with high precision for both
charged core and charged shell nanoparticles. To tune the
nanoparticle charge density, the proportion of cationic como-
nomer copolymerized with PBzMA during PISA was lowered. To
reduce the charge density for the charged shell spheres, a binary
mixture comprising non-ionic PSMA40 and cationic P(SMA36-
stat-MOTMA4) was used to confer steric stabilization, as
described elsewhere.91–93

For charged core spheres, the cationic comonomer content
was reduced from 0.20 mol% (relative to BzMA) to 0.01 mol%.
This is equivalent to one cationic charge per seven copolymer
chains (or per 14 000 BzMA units). From the electrophoresis
data shown in Fig. 10, the resulting nanoparticles are never-
theless still appreciably cationic. The cationic charge appears to
increase for very low cationic comonomer contents, but it is not
clear whether this is a real effect or simply reects scatter in the
data. As expected, there is a concurrent size reduction for lower
proportions of cationic comonomer. The size and electropho-
retic mobility of the equivalent uncharged nanoparticles are
This journal is © The Royal Society of Chemistry 2018
also shown in Fig. 10 as a reference. These nanoparticles have
an effective zero charge, and their mean radius is less than that
of the charged core nanoparticles. These data suggest that it will
be technically challenging to access the low-charge limit in non-
polar solvents, because a remarkably small number of cationic
comonomer units still result in highly charged nanoparticles.

As an alternative to reducing the number of cationic units in
the nanoparticle cores, the number of ionic groups in the shell
was systematically reduced using a binary mixture of stabilizers
comprising non-ionic and cationic PSMA-based macro-CTAs.
The cationic stabilizer contains 10 mol% cationic comonomer
(relative to PSMA), and this is reduced to approximately
0.50 mol% cationic comonomer when mixed with the highest
proportion of non-ionic stabilizer used in these experiments.
This results in nanoparticles that have the same effective
number of cationic comonomer units in the stabilizer block as
the smallest number of ionic groups incorporated into the
particle cores (above and Fig. 10). Like the charged core nano-
particles, appreciable cationic character is observed in all cases
for charged shell nanoparticles, even when containing relatively
few cationic comonomers within the stabilizer chains (Fig. 11).

The charged shell nanoparticles remain electrophoretic at all
MOTMA contents. However, unlike the charged core nano-
particles, the mobility depends on the cationic comonomer
content. If the mol fraction of P(SMA36-stat-MOTMA4) (z) in
a binary mixture of stabilizers is 0.6 or higher, the nanoparticles
Chem. Sci., 2018, 9, 922–934 | 931
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Fig. 11 DLS solvodynamic diameter (dZ, top), electrophoretic mobility
(m, bottom), and reduced mobility (m/m0, bottom) for charged shell
nanoparticles comprising a binary mixture of (1 � z) (PSMA40–
PBzMA2000) and (z) ((P(SMA36-stat-MOTMA4))–PBzMA2000) copolymer
chains in n-dodecane at a fixed volume fraction (1.5 � 10�4). The radii
vary significantly depending on the cationic comonomer content, with
a lower fraction of MOTMA-containing chains resulting in smaller
nanoparticles. (The solid line is a linear fit as a guide to the eye.) The
electrophoretic mobility is strongly dependent on the cationic
comonomer content. For higher MOTMA contents, the electropho-
retic mobility of the nanoparticles is equivalent to that of charged shell
nanoparticles with maximum cationic content (z ¼ 1). However, the
electrophoretic mobility is equivalent to that of charged core nano-
particles at lower MOTMA contents. (The solid line is a linear fit to
denote these regions.)

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 9

/2
1/

20
24

 5
:1

1:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
possess the same mobility as that expected for charged shell
spheres at this volume fraction (Fig. 4). On the other hand, if z is
below 0.3, the electrophoretic mobility of the nanoparticles is
much greater and corresponds to that obtained for the equiv-
alent charged shell nanoparticles. This suggests that the
mobility of charged shell nanoparticles is reduced when
cationic groups at the nanoparticle surface are located in close
proximity. When the cationic comonomer content is lowered,
repulsive interactions between cationic chains are reduced. The
fact that the electrophoretic mobility actually increases as the
number of ionic groups is reduced highlights the technical
difficulty in accessing the low-charge limit in non-polar
solvents.

The size of charged shell nanoparticles also strongly
depends on their cationic comonomer content. This is not
surprising given that such nanoparticles become signicantly
larger as a function of target PBzMA DP compared to uncharged
spheres (Table 1). This is presumably the result of repulsion
between charged stabilizer chains at the nanoparticle surface.
Interestingly, for charged shell nanoparticles prepared using
very low levels of cationic comonomer, the electrophoretic
mobility is equivalent to that of charged core nanoparticles. The
932 | Chem. Sci., 2018, 9, 922–934
electrostatic interactions between stabilizer chains are clearly
reduced for charged shell nanoparticles prepared with lower
levels of cationic comonomer, as the particle size is equivalent
to the non-ionic spheres and is signicantly lower than for
a charged core particle with the same electrophoretic mobility.
Clearly, the spatial location of the cationic comonomer units is
of primary importance in determining the electrokinetics.

4 Conclusions

A cationic comonomer can be incorporated into either the steric
stabilizer block or the core-forming block of diblock copolymer
nanoparticles during their RAFT-mediated PISA synthesis in n-
dodecane. This enables the production of sterically-stabilized
charged core or charged shell nanoparticles in salt-free media
that differ only in the spatial location of the cationic como-
nomer. The precise control over the diblock copolymer archi-
tecture afforded by RAFT polymerization means that it is
straightforward to insert ionic units selectively into either the
nanoparticle core or stabilizer shell of these model particles. As
far as we are aware, nanoparticles with ionic groups in the
stabilizer block have not been previously synthesized in salt-free
non-polar solvents. Such colloidal dispersions represent a new
model system for studying electrokinetic behavior.

As demonstrated previously for water, alcohols, and non-
polar solvents,42,43,59,94 RAFT-mediated PISA enables the
systematic variation of various parameters. The ability to
rationally control the size and morphology of nano-objects
makes this approach ideal for developing new model electro-
phoretic colloids. For example, the particle size can be adjusted
by varying the target DP of the core-forming block. However, the
DP dependence on particle size differed according to the
cationic comonomer content and spatial location. These
charged spherical nanoparticles clearly undergo counterion
condensation, resulting in the electrophoretic mobility
depending strongly on both the particle radius and the particle
volume fraction. Electrophoretic mobilities increased linearly
with size for smaller particles but approached a plateau value
for larger particles. Previous reports of the preparation of
charged polymer particles in salt-free non-polar media
employed conventional dispersion polymerization using free
radical chemistry, which is best suited for producing relatively
large particles.39 The ability of RAFT-mediated PISA to repro-
ducibly and rationally target signicantly smaller nanoparticles,
as conrmed by microscopy and scattering studies, enables
exploration of new regimes in which electrophoretic mobilities
strongly depend on particle size. Interestingly, the magnitude of
the mobility depends on the spatial location of the ionic groups:
charged shell polymer nanoparticles had lower mobilities than
charged core nanoparticles. These unexpected observations are
anticipated to motivate further theoretical studies of charged
shell nanoparticles in salt-free non-polar media. By varying the
proportion of ionic comonomer, the difference in mobility
between the charged core and charged shell nanoparticles
appears to be the result of the relatively high concentration of
ionic groups at the surface of the latter system. When charged
shell nanoparticles were prepared with a relatively low fraction
This journal is © The Royal Society of Chemistry 2018
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of stabilizer chains with ionic groups, the magnitude of the
mobility was equivalent to charged core nanoparticles prepared
with the same core block DP.

Finally, this study has revealed an unexpected aspect of the
behavior of charged shell spheres in salt-free non-polar media,
namely that their electrophoretic mobility is less than that
observed for charged core spheres of equivalent size. New
theoretical models of the electrokinetics of charged shell
nanoparticles in salt-free non-polar media will be required to
explain this observation, and these nanoparticles should serve
as an ideal model system to test these theories.
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