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Abstract

Hypothesis Diblock copolymer nanoparticles prepared in non-polar solvents that are sterically stabilized but
possess ionic functionality from the inclusion of cationic comonomers in the stabilizer shell are known to ex-
hibit complex electrokinetic behavior (Chem. Sci. 9 (2018) 922–934). For example, core-shell nanoparticles
with cationic comonomers located solely within the shell layer have lower magnitude electrophoretic mobili-
ties than nanoparticles containing the same cationic comonomers located within the core, and nanoparticles
prepared using a minor fraction of steric stabilizer chains containing cationic comonomer repeat units have
comparable electrophoretic mobilities to nanoparticles prepared with this cationic comonomer solely located
within the core. We hypothesize that these observations can be explained in terms of the strength of the
Coulombic interaction between counterions and the nanoparticle interface.

Experiments The highly-fluorinated anionic counterion associated with these cationic nanoparticles is studied
by 19F nuclear magnetic resonance (NMR) spectroscopy in n-dodecane. This revealed only one type of 19F
environment for a soluble macromolecular cation (the oil-soluble steric stabilizer chains used to prepare
the nanoparticles), whereas two distinct environments were observed for the sterically-stabilized cationic
nanoparticles. Both 19F diffusion NMR and 19F–13C heteronuclear single quantum correlation (HSQC)
measurements support the existence of two environments for this counterion.

Findings The existence of two distinct 19F environments for the highly-fluorinated anion associated with
the sterically-stabilized nanoparticles demonstrates the presence of spectroscopically distinguishable popu-
lations of ion pairs and of fully dissociated free anions. 19F NMR spectra recorded for sterically-stabilized
nanoparticles with a fully ionic shell (all stabilizer chains containing the cationic comonomer) and those with
a partly ionic shell (10% of stabilizer chains containing the cationic comonomer) reveal a higher proportion
of dissociated anions in the partly ionic case. This suggests a stronger Coulombic interaction between coun-
terions and the cationic interface when the shell is fully ionic, which accounts for the observed reduction in
the magnitude of the electrophoretic mobility.

Keywords: Charged colloids, Nuclear magnetic resonance, Diffusion, Polymer self-assembly

1. Introduction

Producing and stabilizing ionic species in non-polar solvents (with a relative permittivity or dielectric
constant, ǫr ≈ 2) is known to be experimentally challenging [1]. Typically, large molecules or self-assembled
species are used to minimize the formation of ion pairs or higher-number ion aggregates [1–3]. Despite the
difficulty in producing such charged species, they are essential for various technological applications, such5
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as petrochemicals, printing, electrorheological fluids, electrophoretic displays, or polymerization catalysis
[4–11]]. However, ion dissociation constants for electrolytes in low dielectric media are extremely low [12–
14]. Moreover, the low relative permittivity has some interesting consequences for the nature of the charged
species, such as triple-ion formation and counterion condensation [15–18].

Various types of organic molecules, such as self-assembled aggregates [2, 19, 20], weakly-coordinating10

ions [14, 21], dendrimers [3], or macromolecules [22], are often employed to stabilize ions in non-polar
solvents. One advantage of such species is that they are potentially amenable to analysis by nuclear magnetic
resonance (NMR) spectroscopy, using techniques that make use of the nuclear Overhauser effect to study
cross-relaxation or field gradients to study diffusion [12, 23–27]. For example, diffusion NMR has proved to
be very useful for studying surfactants and polymers [28–32]. There are several reports of ion association15

and cluster formation with either small molecule electrolytes or polyelectrolytes [13, 22, 26, 27, 33, 34], and
these are particularly relevant to this study of Coulombic interactions in low dielectric media. In non-polar
solvents, ion pairs and higher-number aggregates are often observed, rather than fully dissociated free ions
[24, 25]. Free ions must be present; electrolytic conductivity measurements would not be possible otherwise
[12–14]. Their concentration is vanishingly small in such systems, and this means that the identification of20

such species is challenging. As far as we are aware, only ion pairs and multiplets have been directly observed
for low dielectric, aliphatic solvents [26, 27, 34]. Free ions have never been directly detected spectroscopically.

Sterically-stabilized diblock copolymer nanoparticles are prepared directly in n-dodecane using a tech-
nique known as polymerization-induced self-assembly (PISA) [35]. Steric stabilization is, in general, essential
to maintain the colloidal stability of nanoparticles in non-polar media. This is the case even for charged25

nanoparticles in non-polar solvents [18, 36, 37], despite some claims that there is an electrostatic (electro-
cratic) component to the stability of charged particles in non-polar solvents [38–41]. This is in contrast to
water, where charge can be used to achieve colloidal stability [42–44]. We use n-dodecane as the continuous
phase for this study, which has a relative permittivity (ǫr) of 2.01 at 25 ◦C [45]. The oil-insoluble, core-
forming block is poly(benzyl methacrylate) (PBzMA), while the cationic comonomer [(2-(methacryloyloxy)-30

ethyl)trimethylammonium]+ ([MOTMA]+) is statistically copolymerized with stearyl methacrylate (SMA)
to form the charged oil-soluble steric stabilizer chains (see Figure 1). This counterion to this cationic
comonomer is the weakly-coordinating, highly-fluorinated anion [tetrakis-[3,5-bis(trifluoromethyl)phenyl]-
borate]− ([TFPhB]−) that promotes charge formation in non-polar media. This is an approach that has
been used to produce charged nanoparticles in the literature previously [16, 18, 36, 46–48]. In addition, the35

[P(SMA-stat-MOTMA]+[TFPhB]− stabilizer chains alone are used as a model oil-soluble polymeric species.
This specific set of materials was selected due to a particularly surprising and, as of yet, unexplained ob-
servation relating to such charged shell nanoparticles in a salt-free, non-polar medium [18]. We previously
showed that the magnitude of the electrophoretic mobility of particles with charged shells is lower than that
of ones with charged cores, even when the number of ionizable units in the polymer is the same. Intriguingly,40

when the amount of ionic stabilizer was reduced to . 30% (the remainder being nonionic), the particles had
a higher magnitude electrophoretic mobility than particles where all the stabilizer was ionic [18, 48]. No
existing electrokinetic theory can explain these observations.

Because of the high local density of ionic species at the interface and the low relative permittivity of the
medium, we hypothesize that these phenomena are due to the degree of Coulombic interaction at the interface45

between ionic moieties in the steric stabilizer and counterions. To characterize the Coulombic interaction
between counterions and the colloid interface, we use 1H, 13C, and 19F NMR spectroscopy. Specifically, 19F
diffusion NMR and 19F–13C heteronuclear single quantum correlation (HSQC) measurements were performed
to examine to what extent the highly-fluorinated anion exists as a free ion, as opposed to a paired ion.

2. Experimental50

2.1. Materials

The synthesis of diblock copolymers and diblock copolymer nanoparticles was slightly modified from
that reported in the literature for similar charged polymers [18], and further details are given in the Sup-
porting Material. Figure 1(a) shows the structure of the highly-fluorinated, weakly-coordinating anion
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(a) Tetrakis(3,5-bis(trifluoromethyl)phenyl)borate anion
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(c) P(SMA-stat-MOTMA)–poly(benzyl methacrylate) block copolymer
([P(SMA13-stat-MOTMA1)–PBzMA40]+[TFPhB]– or

[P(S13-stat-M1)–PB40]+[TFPhB]–)

[TFPhB]–

Figure 1: Chemical structures of the ionic species used in this study: (a) the [tetrakis[3,5-bis(trifluoromethyl)phenyl]borate]−

anion, (b) the cationic poly(stearyl methacrylate-[2-(methacryloyloxy)ethyl]trimethylammonium) statistical copolymer, which
is also used as macromolecular chain-transfer agent for RAFT-mediated PISA [35], and (c) the cationic [P(SMA-stat-MOTMA)–
poly(benzyl methacrylate)] diblock copolymer nanoparticles. The abbreviations used in subsequent legends are shown.
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([tetrakis[3,5-bis(trifluoromethyl)phenyl]borate]−, [TFPhB]−). The cationic poly(stearyl methacrylate-[2-55

(methacryloyloxy)ethyl]trimethylammonium) ([P(SMA13-stat-MOTMA1)]+ [TFPhB]− or [P(S13-stat-M1)]+

[TFPhB]−) RAFT macromolecular chain-transfer agent (macro-CTA) is shown in Figure 1(b) and is stud-
ied both as a solution polymer and used as the steric stabilizer for the RAFT-mediated polymerization-
induced self-assembly (PISA) [35] synthesis of the diblock copolymer nanoparticles. The structure of the
cationic diblock copolymer [P(SMA-stat-MOTMA)–poly(benzyl methacrylate)]+ [TFPhB]− ([P(SMA13-60

stat-MOTMA1)–PBzMA40]+ [TFPhB]− or [P(S13-stat-M1)–PB40]+ [TFPhB]−) that forms the nanopar-
ticles is shown in Figure 1(c).

2.2. Nuclear magnetic resonance (NMR)

NMR (except HSQC) measurements were performed on a Bruker AVANCE III HD NMR spectrometer
operating at 500.13 MHz for 1H (470.59 MHz for 19F) with a standard 5mm high resolution probehead65

(maximum gradient strength 50 G cm−1). HSQC measurements were performed on a Bruker AVANCE III
NMR spectrometer operating at 500.07 MHz for 1H (470.54 MHz for 19F) equipped with a 5 mm QCI-F
type CryoProbe. Spectra were referenced to lock solvent (toluene-d8), which was introduced as a capillary
insert.

Standard 1H experiments were recorded using a 30◦ pulse for excitation, 64k acquisition points over a70

spectral window of 100 kHz with 16 transients and a relaxation delay of 1 s. For quantitative 19F experiments,
the T1 relaxation times were first determined using an inversion recovery experiment. The 19F T1 times
was determined to be ∼ 750 ms for the nanoparticles. Quantitative 19F experiments were therefore recorded
using a 90◦ pulse for excitation, a 46.875 kHz spectral window with 64k points. In each case 64 transients
were recorded with a 30 s relaxation delay between pulses. Peaks in the 1D quantitative 19F NMR spectra75

were fit as a sum of Lorentzian functions using the Fityk program [49].
Diffusion NMR measurements were performed using a stimulated echo with bipolar gradients (standard

Bruker pulse sequence stebpgp1s), using a 16-step linear gradient ramp from 5% to 95% and values for
diffusion time (∆) and gradient pulse (δ) to obtain 90–95% signal attenuation at the highest gradient
strength. For 1H diffusion NMR measurements, generally 16 transients per increment were used, whilst80

128 scans per increment were used for 19F diffusion NMR measurements. Spectral windows for 1H and 19F
diffusion NMR measurements were 100 kHz and 23.4 kHz, using 32K and 46.8k points and relaxation delays
of 3 s and 2 s, respectively. Diffusion NMR data were analyzed by producing DOSY plots in DOSY Toolbox
2.7 [50].

Heteronuclear single quantum correlation (HSQC) measurements were performed using acquisitions win-85

dows of 32.9 kHz and 20.7 KHz in 19F and 13C dimensions, respectively, using 4k acquisition points in the
direct dimension and 8 transients for each of 256 increments in the indirect dimension.

3. Results and Discussion

The application of ionizable species in non-polar solvents requires their ability to acquire formal charge
(ion pair separation) and, in some situations, to respond to an applied electric field [4–11]. The low relative90

permittivity of non-polar hydrocarbon solvents means that Coulombic interactions are longer ranged and
that the concentration of free ions is very low [12–14, 51]. This makes the detection of such species extremely
challenging.

3.1. NMR spectroscopy of fully ionic macromolecules and nanoparticles

Clearly, the cationic species shown in Figure 1 are suited to analysis by 1H and 13C NMR spectroscopy.95

Halogenated, and particularly fluorinated, anions increase the stability of ions in non-polar solvents [13, 14],
and this means that the highly-fluorinated anion also shown in Figure 1 can also be readily detected by
19F NMR spectroscopy as well. Moreover, all the fluorine nuclei in this molecule are equivalent, which
confers maximum sensitivity in 19F NMR spectra. In addition, two types of two-dimensional (2D) NMR
experiments were performed. 1H and 19F diffusion NMR and 19F–13C correlation (HSQC) NMR experi-100

ments were performed to determine the self-diffusion coefficient and bond connectivity, respectively. Such
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measurements are important to understand the origin of the 1D 19F NMR peaks. Solutions of [P(SMA13-stat-
MOTMA1)]+[TFPhB]− (7 mol m−3) and dispersions of [P(SMA13-stat-MOTMA1)–PBzMA40]+[TFPhB]−

(volume fraction φ = 0.08) were prepared in n-dodecane at the highest possible concentration in each case
to enhance signal-to-noise.105

19F NMR spectra recorded for the [TFPhB]− anion associated with each of the cations examined in this
study (see Figure 1) are shown in Figure 2. Since the highly-fluorinated anion is identical, the observed
chemical shifts are very similar. One peak is observed at −62 ppm for [TFPhB]− associated with the oil-
soluble [P(SMA13-stat-MOTMA1)]+ copolymer. In contrast, the 1D 19F NMR spectrum of the [TFPhB]−

anion associated with the sterically-stabilized [P(SMA13-stat-MOTMA1)–PBzMA40]+ diblock copolymer110

nanoparticles is qualitatively different. Although located at essentially the same chemical shift as that of
the copolymer cation, the primary 19F peak is significantly broadened. (This would be expected for peaks in
an NMR spectrum arising from a macromolecule [52].) A second, much less intense peak in the 19F spectrum
is now also discernible at approximately −63 ppm. Thus, there are two 19F species in similar, yet locally
distinct, environments in this case. We hypothesize that the major peak corresponds to anions that are115

tightly bound to the nanoparticle through Coulombic attraction. In contrast, the minor peak corresponds
to free anions that are formally dissociated from the nanoparticles.

[P(S13-stat-M1)]
+
[TFPhB]

-

[P(S13-stat-M1)–PB40]
+
[TFPhB]

-

δ
19F / ppm

−64−63−62−61

Figure 2: 1D 19F NMR spectra recorded for the ionic species shown in Figure 1. Only one peak is observed for a solution of the
[P(SMA13-stat-MOTMA1)]+[TFPhB]− statistical copolymer dissolved in n-dodecane (7 mol m−3). In contrast, two peaks are
observed for dispersions of cationic [P(SMA13-stat-MOTMA1)–PBzMA40]+[TFPhB]− nanoparticles prepared in n-dodecane
(φ = 0.08). The insets show a magnified baseline.

Before analyzing this spectrum in detail, we consider other possible explanations for this minor peak. For
example, it could be simply due to a fluorine-containing impurity within the sample. In principle, such an im-
purity could be present within the n-dodecane, but a 1D 19F spectrum of this solvent contains no detectable120

19F peaks. Alternatively, such an impurity could be associated with the sterically-stabilized nanoparti-
cles. However, there are no discernible 19F peaks in a 1D spectrum of a dispersion of nonionic PSMA13–
PBzMA40 nanoparticles, prepared under the same conditions as the cationic [P(SMA13-stat-MOTMA1)–
PBzMA40]+[TFPhB]− nanoparticles except for the use of an ion-free PSMA13 homopolymer as the steric
stabilizer block. (These 19F NMR spectra are shown in Figure S1.) In principle, this minor peak might125

represent an impurity or other chemical environment associated with the [TFPhB]− anion. However, no
corresponding peak is observed in the baseline of the 1D 19F NMR spectrum of the oil-soluble cationic
[P(SMA13-stat-MOTMA1)]+ copolymer (see Figure 2).

Another possibility could be spin-spin coupling between the 19F and 13C nuclei, both with nuclear spin
of 1/2 [53]. Only ∼ 1% of carbon nuclei are the 13C isotope [54], but this is sufficient to result in detectable130

spin-spin coupling. The faint peak from 19F-13C spin-spin coupling is barely visible in the 1D 19F spectrum
of [P(SMA13-stat-MOTMA1)]+[TFPhB]− shown in Figure 2. Figure 3 shows a magnified version of this
spectrum. The doublet expected for coupling between adjacent 13C and 19F nuclei is observed and is shifted
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relative to the primary peak. The shift of the center of the peak (δ19F = −0.13 ppm) and the one-bond
spin-spin coupling constant (1JF−C = 272 Hz) are consistent with the literature [55, 56]. This phenomenon,135

however, cannot account for the minor peak observed at −63 ppm in the 1D 19F NMR spectrum of the
[P(SMA13-stat-MOTMA1)–PBzMA40]+[TFPhB]− nanoparticles shown in Figure 2. This is because this
peak is a singlet rather than a doublet and its peak shift is −1 ppm, rather than −0.1 ppm. Therefore,
spin-spin coupling can also be discounted as an explanation for the minor peak observed at −63 ppm in
Figure 2.140

−63.0−62.5−62.0

[P(S13-stat-M1)]
+[TFPhB]-

δ
19F / ppm

−63.0−62.5−62.0

Figure 3: 1D 19F NMR spectrum of a solution of [P(SMA13-stat-MOTMA1)]+[TFPhB]− copolymer dissolved in n-dodecane
(7 mol m−3). Spin-spin coupling between the 19F and 13C nuclei is clearly detected for this system.

To determine the connectivity between the 19F and 13C nuclei, 19F–13C HSQC NMR experiments were
performed. These were devised to investigate whether the minor peak in the 19F NMR spectrum was due
to an impurity with a 19F chemical shift similar to that of [TFPhB]− or whether it was associated with
the [TFPhB]− anion. The 2D spectrum, with projected 1D 19F and 13C spectra, is shown in Figure S2.
The projected 19F spectrum is almost identical to the previously shown 1D spectrum (Figure 2), and the145

peak in the projected 13C NMR spectrum agrees with 13C NMR data previously reported for Na+[TFPhB]−

[55, 56]. The minor 19F peak at approximately −63 ppm is also shifted slightly in the 13C axis compared
to the major peak at −62 ppm. Given that the two peaks appear at essentially the same chemical shifts
(both in the 19F and 13C axes) suggests that is unlikely to be due to an impurity. The imperfect overlap
between the two peaks indicates that the minor one has subtly different 13C and 19F environments. This is150

consistent with our hypothesis that the minor peak in fact arises from a population of free anions.

3.2. Comparison of NMR spectroscopy of fully and partly ionic macromolecules and nanoparticles

Having demonstrated that the two peaks observed in the 19F NMR spectra arise from two different local
environments for the [TFPhB]− anion, we now study the interaction of this counterion with cationic diblock
copolymer nanoparticles, where either some or all of the steric stabilizer chains contain cationic repeat155

units. In the fully ionic case, PISA syntheses were conducted using solely the [P(SMA13-stat-MOTMA1]+

copolymer; in the partly ionic case, a binary mixture of [P(SMA13-stat-MOTMA1]+ copolymer and PSMA13

homopolymer were used as steric stabilizers. Quantitative 1D 19F NMR spectroscopy enables the proportions
of the spectroscopically-distinguishable anionic species to be determined, and diffusion NMR measurements
provide important information about their solvodynamic size. Importantly, diffusion NMR analyses do not160

require any a priori knowledge of the local environment of these anionic species.

3.2.1. Solutions of [P(SMA13-stat-MOTMA1]
+ and PSMA13 polymers dissolved in n-dodecane

1H NMR measurements were conducted on [P(SMA13-stat-MOTMA1]+ [TFPhB]− copolymer dissolved
in n-dodecane as well as a binary mixture of 10% [P(SMA13-stat-MOTMA1)]+[TFPhB]− copolymer and 90%

6



PSMA13 homopolymer also dissolved in n-dodecane. Partial spectra of the aromatic regions of two polymer165

solutions are shown in Figure S3. There are two aromatic proton peaks for the [TFPhB]− anion assigned
to the 2, 4 and 6 positions, while the remaining aromatic peaks are attributed to the dithiobenzoate-based
RAFT chain-ends. By integrating these peaks, we calculate that the ratio of [TFPhB]− to dithiobenzoate
is 0.96 for the [P(SMA13-stat-MOTMA1]+ [TFPhB]− copolymer solution and is 0.08 for the binary mixture
of [P(SMA13-stat-MOTMA1)]+[TFPhB]− copolymer and PSMA13 homopolymer. These values correspond170

to the stoichiometric ratio expected for a monovalent electrolyte.
1H diffusion NMR measurements conducted on these solutions show that the proton diffusion coefficients

for peaks assigned to the dithiobenzoate chain-ends and the [TFPhB]− anion have different self-diffusion
coefficients (D). For comparison, 19F diffusion NMR experiments were also performed. A modified Stokes–
Einstein equation was used to calculate the sphere-equivalent solvodynamic radii for these two species.175

We use an expression derived by Chen and Chen, which replaces the 1/6 prefactor in the Stokes–Einstein
equation (stick boundary condition) with a 1/c prefactor that depends on the relative radii of the solvent
molecules and the solvodynamic radius of the diffusing species [57, 58]. The structure of long-chain n-
alkanes, such as n-dodecane, is akin to that of a polymer melt [59, 60], so the radius of gyration (Rg) of
n-dodecane calculated from neutron scattering (4.5 Å) was used as the solvent radius [59]. The Stokes–180

Einstein equation [61, 62] was used to calculate an initial solvodynamic radius, which was used as input for
the equation reported by Chen and Chen [57, 58]. This calculation was iterated until the radius converged
to within ±0.1 Å. A summary of the diffusion coefficients (D) and solvodynamic radii (r) determined for
the two polymer solutions using 1H and 19F diffusion NMR is shown in Table 1. The fit Rg of [P(SMA13-
stat-MOTMA1)]+ [MOTMA]− polymer from SAXS data on nanoparticles prepared using this polymer as a185

steric stabilizer is 13.8 Å [48]. The sphere-equivalent radius is (
√

5/3 ·Rg) [63], and this polymer, therefore,
has a mean radius of 17.9 Å. This agrees well with the solvodynamic radii shown in Table 1. The two radii
calculated for the highly-fluorinated anion are consistent for the 1H and 19F nuclei and are greater than
that for the dithiobenzoate chain ends of the polymer by 4–5 Å. Thus the anion is predominantly tightly
bound to the macromolecular cation. However, the majority of the PSMA polymers are not associated with190

the anion. The diffusion coefficient for the macromolecular cation is that expected for the polymer chains
alone, rather than that of the ion pair complex.

Table 1: Summary of 1H and 19F NMR diffusion coefficients (D) in n-dodecane obtained for solutions of [P(SMA13-stat-
MOTMA1)]+[TFPhB]− copolymer and a binary ionic-nonionic mixture of (0.10)[[P(SMA13-stat-MOTMA1)]+[TFPhB]−]—
(0.90)[PSMA13]).

(CDB) ([TFPhB]−)
Solution D / (10−11 m2 s−1) r/ Å D / (10−11 m2 s−1) r / Å

Fully ionic (1H) 8.57 18.9 6.96 23.1
Fully ionic (19F) — — 6.85 23.5

Binary ionic-nonionic (1H) 8.78 18.5 6.77 23.7
Binary ionic-nonionic (19F) — — 6.63 24.2

3.2.2. Dispersions of sterically-stabilized nanoparticles
19F NMR spectra were measured for two different dispersions of sterically-stabilized diblock copolymer

nanoparticles. In one case, the steric stabilizer of the nanoparticles consists of solely cationic [P(SMA13-stat-195

MOTMA1)]+[TFPhB]− copolymer, and in the other case, the stabilizer layer consists of a binary mixture
of 10% [P(SMA13-stat-MOTMA1)]+[TFPhB]− copolymer and 90% PSMA13 homopolymer. The 1D 19F
NMR spectra of both types of nanoparticles are shown in Figure 4. The nanoparticle concentrations were
identical, which means that the peak integrals can be directly compared. Each spectrum can be fit as a
sum of four peaks. There are two broad peaks that form the major peak at around −62 ppm, and also two200

minor peaks. According to the diffusion NMR data on these same dispersions, these peaks have different
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self-diffusion coefficients. It is only the two most intense peaks (the major peak at −63 ppm and the most
intense minor peak at −63 ppm) that can be determined from the analysis of the diffusion NMR data.
These two peaks in the diffusion axis of the DOSY plots are as easily resolved as the peaks in the 1D spectra
in Figure 4. This confirms that these are two entirely distinct environments. The intermediate and least205

intense peak is too broad in the diffusion NMR data to be determined with certainty. The major peak at
−62 ppm corresponds to the slowest-diffusing species, and the other most intense minor peak (at −62 ppm)
corresponds to a fast diffusing species, with a self-diffusion coefficient commensurate to a small molecule.
A summary of the respective self-diffusion coefficients and corresponding solvodynamic radii is provided in
Table 2.210

[P(S13-stat-M1)–PB40]
+[TFPhB]-

Fully ionic shell

(0.1)[[P(S13-stat-M1)–PB36]
+[TFPhB]-]—(0.9)[S13–PB36]

Partly ionic shell

δ
19F / ppm

−63.5−63.0−62.5−62.0−61.5

Figure 4: 1D 19F NMR spectra recorded for dispersions of nanoparticles with a fully ionic shell ([P(SMA13-stat-
MOTMA1)–PBzMA40]+[TFPhB]−) (top) and of nanoparticles with a partly ionic shell ((0.1)[[P(SMA13-stat-MOTMA1)–
PBzMA36]+[TFPhB]−]—(0.9)[PSMA13–PBzMA36]) (bottom) (φ = 0.08). Both spectra consist of a single major peak and
two minor peaks.

Table 2: Summary of characterizations of fully ionic shell ([P(SMA13-stat-MOTMA1)–PBzMA40]+[TFPhB]−) and partly ionic
shell ((0.1)[[P(SMA13-stat-MOTMA1)–PBzMA36]+[TFPhB]−]—(0.9)[PSMA13–PBzMA36]) nanoparticles by 19F NMR.

δ 19F / ppm D / (10−11 m2 s−1) r/ Å Proportion of total intensity / %

Fully ionic shell

−62.1 2.52 62.8 97.7
−62.9 — — 1.0
−63.3 33.5 6.3 1.3

Partly ionic shell

−62.2 2.29 69.1 80.7
−62.8 — — 7.7
−63.2 32.2 6.4 11.6

The self-diffusion coefficient for anions that are bound to the cationic nanoparticles will be substantially
lower than that for free anions in solution. The diffusion NMR data for the nanoparticle systems support
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the existence of strong anion binding (Table 2). Both systems have major peaks whose diffusion coeffi-
cients and corresponding solvodynamic radii are commensurate with the dimensions of a nanoparticle. The
solvodynamic radius from DLS is 100 Å for the fully ionic shell particles and 145 Å for the partly ionic215

shell nanoparticles. The most intense of the minor peaks has a diffusion coefficient similar to that expected
for free ions. The solvodynamic radius of the free [TFPhB]− anions (6.3–6.4 Å) compares favorably to
the molecular size of this anion calculated by summing volume increments (4.9 Å [64]) or determined from
diffusion NMR measurements conducted in non-aliphatic hydrocarbon solvents (6 Å [33]). These diffusion
coefficients and solvodynamic radii enable us to assign the environment of the two peaks in the 1D NMR220

spectra with confidence.
The electrophoretic mobility of the fully cationic shell nanoparticles is known to be lower than that of

nanoparticles prepared using a binary mixture of nonionic and cationic steric stabilizers [18, 48]. Moreover
from the data presented here, the proportion of counterions in distinct environments (as judged by 19F
NMR spectroscopy) differs for the two systems (Figure 4 and Table 2). It seems that a minor population225

of fast-diffusing nuclei (with a 19F NMR chemical shift that differs by ∼ 1 ppm compared to the major
population) arises from highly-fluorinated anions that have become fully dissociated from the interface of
the cationic nanoparticles, which in turn leads to a higher electrophoretic mobility.

4. Conclusions

In summary, NMR spectroscopy using 1H, 13C, and 19F nuclei can be used to study the degree of dis-230

sociation of the weakly-coordinating anion, [tetrakis-[3,5-bis(trifluoromethyl)phenyl]borate]− ([TFPhB]−),
in a non-polar solvent (n-dodecane). When this highly-fluorinated anionic counterion is associated with a
cationic, oil-soluble copolymer, only a single fluorine environment is detected with a diffusion coefficient (and
associated solvodynamic radius) corresponding to that expected for ion pairs. However, when this anion
is associated with cationic, sterically-stabilized diblock copolymer nanoparticles, multiple fluorine environ-235

ments can be observed. Importantly, one of these environments has a diffusion coefficient corresponding to
that expected of the free anion. We believe that this is the first direct spectroscopic evidence for such free
ions in an aliphatic non-polar solvent. Only ion pairs and higher-number aggregates have been reported in
such solvents previously [26, 27, 34].

These observations address a currently unexplained phenomenon recently reported for charged shell240

nanoparticles in a salt-free medium [18, 48]. The electrophoretic mobility of charged shell nanoparticles with
a small proportion (. 30%) of steric stabilizer chains containing cationic moieties has a greater magnitude
than that of charged shell nanoparticles with all steric stabilizer chains containing an ionic group. Here,
we show that a significantly higher proportion of free anions are detected when the cationic comonomer
is only incorporated into a minor fraction (10%) of the steric stabilizer chains of these diblock copolymer245

nanoparticles. These two findings are consistent. When the magnitude of electrophoretic mobility of the
charged nanoparticles is greater, the proportion of free ions is also greater. No existing electrokinetic
theories of soft charged particles or salt-free charged particles can explain these observations [65–69]. The
ability to quantify the proportion of free ions and ion pairs at the colloidal interface should provide valuable
experimental data to enable this situation to be addressed.250
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