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Abstract. For certain commercial applications such as enhanced oil recovery, sterically-

stabilized colloidal dispersions that exhibit high tolerance towards added salt are desirable. 

Herein we report a series of new cationic diblock copolymer nanoparticles that display 

excellent colloidal stability in concentrated aqueous salt solutions. More specifically, poly(2-

(acryloyloxy)ethyl trimethylammonium chloride) (PATAC) has been chain-extended by 

reversible addition-fragmentation chain transfer (RAFT) aqueous dispersion polymerization of 

diacetone acrylamide (DAAM) at 70 °C to produce PATAC100-PDAAMx diblock copolymer 

spheres at 20 % w/w solids via polymerization-induced self-assembly (PISA). Transmission 

electron microscopy (TEM) and dynamic light scattering (DLS) analysis confirm that the mean 

sphere diameter can be adjusted by systematic variation of the mean degree of polymerization 

of DAAM. Remarkably, DLS studies confirm that highly cationic PATAC100-PDAAM1500 

spheres retain their colloidal stability in the presence of either 4.0 M KCl or 3.0 M ammonium 

sulfate for at least 115 days at 20 ˚C. The mole fraction of PATAC chains within the stabilizer 

shell was systematically varied by chain extension of various binary mixtures of non-ionic and 

PATAC with DAAM to produce ([n] PATAC100 + [1-n] PDMAC67)-PDAAMz diblock 

copolymer spheres at 20 % w/w. DLS studies confirmed that a relatively high mole fraction of 

cationic PATAC stabilizer chains (n  ≥ 0.75) is required for the dispersions to remain 

colloidally stable in 4.0 M KCl. Cationic worms and vesicles could also be synthesized by 

using a binary mixture of PATAC and PDMAC precursors where n = 0.10. However, the 

vesicles only remained colloidally stable up to 1.0 M KCl, whereas the worms proved to be 

stable up to 2.0 M KCl. Such block copolymer nanoparticles are expected to be useful model 

systems for understanding the behavior of aqueous colloidal dispersions in extremely salty 

media. Finally, zeta potentials determined using electrophoretic light scattering (ELS) are 

presented for nanoparticles dispersed in highly salty media. 

* Author to whom correspondence should be addressed (s.p.armes@shef.ac.uk) 
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Introduction. It has been recognized for more than a century that charge-stabilized colloidal 

particles can aggregate in the presence of salt.1,2 This phenomenon can be explained in terms 

of Deryaguin-Landau-Verwey-Overbeek (DLVO) theory3,4 and is commercially exploited for 

the industrial manufacture of latex gloves.5 Faraday was the first to demonstrate that protein-

stabilized particles typically exhibit significantly better colloidal stability in the presence of 

added salt: indeed, some of his gelatin-coated gold sols remain stable more than 160 years after 

their synthesis.6 For certain applications such as enhanced oil recovery, colloidal dispersions 

that can exhibit extreme salt tolerance at both ambient and elevated temperature are desirable.7–

13 

Recently, various polyelectrolytes have been used to simulatenouly confer both charge and 

steric stabilization (so-called electrosteric stabilization) onto inorganic particles for such high 

salt applications. For example, Bagaria et al. physically adsorbed random and block 

copolymers comprising 2-methyl-2-acrylamidopropanesulfonate (AMPS) and acrylic acid 

(AA) onto the surface of ~100 nm iron oxide nanoparticles.9 For example, poly(AMPS-stat-

AA)-coated iron nanoparticles remained colloidally stable in a mixture of 1.4 M NaCl and 0.2 

M CaCl2 at both room temperature and 90 °C for up to 1 month. In a later publication, the same 

team showed that iron nanoparticles resisted aggregation in a mixture of 1.4 M NaCl and 0.2 

M CaCl2 if poly(AMPS-stat-AA) chains were grafted onto the nanoparticle surface.10  

Similarly, salt-tolerant polymer latexes have been synthesized by free radical aqueous 

dispersion polymerization. For example, Cho et al. prepared submicrometer-sized 

polyacrylamide particles in the presence of 1.8 - 2.3 M ammonium sulfate. The particles were 

sterically-stabilized by a cationic homopolyelectrolyte known as poly(2-

(acryloyloxy)ethyltrimethylammonium chloride) or PATAC.14 In closely-related work, Aijun 

et al. reported the preparation of colloidally stable, cationic latex particles in the presence of 

1.9 - 2.5 M ammonium sulfate via aqueous dispersion copolymerization of acrylamide with 2-
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(methacryloyloxy)ethyltrimethylammonium chloride) (MATAC), again using PATAC as the 

steric stabilizer.15 

Thus far, the morphology of salt-tolerant polymer particles has been confined to spheres. This 

is no doubt because such formulations are typically based on conventional free radical 

polymerization. In contrast, controlled radical polymerization techniques such as RAFT 

polymerization enable the synthesis of well-defined, functional diblock copolymers.16–27 

Moreover, it is now well-established that, by choosing a suitable selective solvent, a range of 

diblock copolymer nano-objects can be prepared in the form of concentrated aqueous 

dispersions via RAFT-mediated polymerization-induced self-assembly (PISA).28–36 

In a previous publication,37 we reported the preparation and characterization of a series of 

PDMAC-PDAAM diblock copolymer nano-objects synthesized via RAFT aqueous dispersion 

polymerization. Moreover, post-polymerization reaction of the pendent ketone group on the 

DAAM residues with adipic acid dihydrazide was demonstrated. Such crosslinking allows 

covalently-stabilized nano-objects to be produced in the form of concentrated aqueous 

dispersions. 

Herein, this latter PISA formulation has been modified by incorporating PATAC as either the 

sole or supplementary cationic steric stabilizer block.  Accordingly, a binary mixture of 

PDMAC and PATAC homopolymer precursors was chain-extended with DAAM via RAFT 

aqueous dispersion copolymerization to produce ([n] PATACx + [1-n] PDMACy)-PDAAMz 

diblock copolymer nanoparticles, where n denotes the mole fraction of PATAC and x, y and z 

denote the mean degree of polymerization (DP) for the PATAC, PDMAC and PDAAM blocks, 

respectively. Pure sphere, worm and vesicle morphologies could be obtained depending on the 

precise PISA formulation. The effect of varying n (for a fixed x, y and z) on the cationic 

character of spherical nanoparticles has been studied. Moreover, the effect of increasing the 
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PDAAM DP on the mean diameter has been investigated for a series of PATAC100-PDAAMz  

spheres.  DLS has been used to study the colloidal stability of these new diblock copolymer 

nanoparticles in concentrated aqueous solutions of either KCl or ammonium sulfate. We report 

for the first time the use of a next-generation electrophoretic light scattering (ELS) instrument 

to determine zeta potentials for nanoparticles dispersed in highly salty media.  

Experimental 

Materials 

N,N-Dimethylacrylamide (DMAC), 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid 

(DDMAT), dioxane and 2,2ƍ-asobis(2-methylpropionamidine) dihydrochloride (AIBA) were 

purchased from Sigma-Aldrich UK and used as received. Diacetone acrylamide (DAAM), 4-

dimethylaminopyridine (DMAP), N,N'-dicyclohexylcarbodiimide (DCC) and adipic acid 

dihydrazide (ADH) were purchased from Alfa Aesar (UK) and were used as received. 2,2ƍ-

Asobis(2-methylpropionitrile) (AIBN) was purchased from Molekula (UK) and was used as 

received. 2,2'-Asobis[2-(2-imidasolin-2-yl)propane] dihydrochloride (VA-044) initiator was 

purchased from Wako Chemicals (Japan) and was used as received. Diethyl ether, potassium 

chloride and ammonium sulfate were purchased from VWR Chemicals. Dichloromethane, 

methanol and acetonitrile were purchased from Fisher Scientific (UK). All solvents were 

HPLC-grade and deuterated methanol was purchased from Cambridge Isotope Laboratories 

(UK). Finally, 2-(acryloyloxy)ethyltrimethylammonium chloride (ATAC) was kindly donated 

by BASF (Germany) in the form of an 80 % w/w aqueous solution. 

Synthesis 

Methylation of 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) 

DDMAT (4.30 g, 11.8 mmol) was dissolved in anhydrous dichloromethane (30 mL) in a 100 

mL round-bottomed flask, which was cooled to 0 °C by immersion in an ice bath. DMAP (0.29 
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g, 2.4 mmol) and excess anhydrous methanol (2.0 g) were added to the stirred solution at 0 °C. 

DCC (2.72 g, 13.2 mmol) was added gradually over 5 min. This reaction solution was allowed 

to warm up to 20 °C and stirred continuously for 16 h at this temperature prior to filtration to 

remove the insoluble dicyclohexyl urea side-product. Column chromatography was used to 

purify the product using dichloromethane as the eluent. This solvent was removed under 

vacuum to afford methyl 2-(dodecylthiocarbonothioylthio)-2-methylpropionate (Me-

DDMAT) as an orange oil (4.21 g, 94%). 1H NMR spectroscopy studies indicated a degree of 

esterification of 97 % (see Figure S1).  

Synthesis of poly(N,N-dimethylacrylamide) (PDMAC) via RAFT solution polymerization 

A typical protocol for the synthesis of a PDMAC67 precursor was conducted as follows. Me-

DDMAT (2.00 g, 5.30 mmol), AIBN (87.0 mg 0.53 mmol, Me-DDMAT/AIBN molar ratio = 

10), and DMAC (34.12 g, 0.34 mol) were weighed into a 500 mL round-bottomed flask. 

Dioxane (84.5 mL) was added to produce a 30% w/w solution, which was purged with nitrogen 

for 1 h. The sealed flask was immersed into an oil bath set at 70 °C for 25 min and the 

polymerization was subsequently quenched by immersing the flask in an ice bath, followed by 

exposure of its contents to air. The final DMAC conversion was 95%, as judged by 1H NMR 

spectroscopy. The crude polymer was purified by precipitation into a ten-fold excess of diethyl 

ether (twice). The resulting purified PDMAC was isolated by filtration and dissolved in 

deionized water, any residual diethyl ether/dioxane was removed under reduced pressure and 

the aqueous solution was freeze-dried for 48 h to produce a yellow solid. End-group analysis 

using UV spectroscopy indicated a mean degree of polymerization of 67 (the Beer-Lambert 

plot for Me-DDMAT is provided in Figure S2). DMF GPC analysis indicated an Mn of 7 400 

g mol−1 and an Mw/Mn of 1.14. A PDMAC37 was also prepared using the same protocol. In this 

case DMF GPC analysis indicated an Mn of 3 400 g mol−1 and an Mw/Mn of 1.15. 
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Synthesis of poly(2-(acryloyloxy)ethyl trimethylammonium chloride) (PATAC) via RAFT 

solution polymerization  

A typical protocol for the synthesis of a PATAC100 precursor was conducted as follows. Me-

DDMAT (0.600 g, 1.58 mmol), VA-044 (0.10 g 0.317 mmol, Me-DDMAT/AIBN molar ratio 

= 5.0), and 2-(acryloyloxy)ethyl trimethylammonium chloride (ATAC) (30.69 g, 0.13 mol, 

supplied as an 80% aqueous solution) were weighed into a 250 mL round-bottomed flask. 

Methanol (94.45 mL) and water (0.43 mL) were added to produce a 20% w/w solution, which 

was purged with nitrogen for 1 h. The sealed flask was immersed into an oil bath set at 44 °C 

for 2 h and the polymerization was subsequently quenched by immersing the flask in ice, 

followed by exposure to air. The final ATAC conversion was 96%, as judged by 1H NMR 

spectroscopy. Methanol was removed under reduced pressure, followed by purification of the 

polymer by precipitation into a ten-fold excess of acetonitrile. The precipitate was redissolved 

in water and precipitated once more into excess acetonitrile. The purified PATAC was 

dissolved in deionized water, any residual solvent was removed under reduced pressure, and 

the resulting aqueous solution was freeze-dried for 48 h to produce a yellow solid. End-group 

analysis using UV spectroscopy indicated a mean degree of polymerization of 100. Aqueous 

GPC analysis indicated an Mn of 29 500 g mol−1 and an Mw/Mn of 1.19, respectively. A 

PATAC91 precursor was prepared using the same protocol. Aqueous GPC analysis indicated 

an Mn of 25 800 g mol−1 and an Mw/Mn of 1.14. 

Synthesis of (0.9 PDMAC67 +  0.1 PATAC100)-PDAAM1500 diblock copolymer spheres by RAFT 

aqueous dispersion polymerization  

The synthesis of (0.9 PDMAC67 + 0.1 PATAC100)-PDAAM1500 spheres at 20% w/w solids is 

representative and was conducted as follows. PDMAC67 precursor (0.80 g, 0.114 mmol), 

PATAC100 precursor (0.250 g, 0.013 mmol), AIBA initiator (3.40 mg, 0.013 mmol, [PDMA67 
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+ PATAC100]/AIBA molar ratio = 10) and DAAM monomer (32.1 g, 0.19 mol; target DP = 

1500) were weighed into a 250 mL round-bottomed flask. Deionized water (131.8 mL) was 

then added to afford a 20% w/w aqueous solution, which was degassed for 1 h at 4 °C prior to 

immersion in an oil bath set at 56 °C. This reaction solution was stirred for 18 h and then the 

polymerization was quenched by exposure to air. The DAAM monomer conversion was more 

than 99% as judged by 1H NMR spectroscopy. All other PISA syntheses were conducted at 20 

% w/w solids using the same protocol.  

Polymer Characterization 

1H NMR Spectroscopy 

All NMR spectra were recorded in CD3OD using a 400 MHz Bruker Avance III HD 400 

spectrometer at 25 °C. Typically, 64 scans were acquired to ensure high-quality spectra. 

End-Group Analysis via UV Spectroscopy  

UV−visible absorption spectra were recorded between 200 and 800 nm using a PC-controlled 

UV-1800 spectrophotometer operating at 25 °C and equipped with a 1 cm path length quartz 

cell. A Beer-Lambert curve was constructed using a series of eighteen Me-DDMAT stock 

solutions of varying concentration in methanol. The absorption maximum at 308 nm assigned 

to the trithiocarbonate end-group38 was used for this calibration plot, and Me-DDMAT 

concentrations were selected such that the absorbance always remained below unity. The mean 

DPs for the PDMAC and PATAC stabilizers were determined using the molar extinction 

coefficient of 15 740 ± 8 mol−1 dm3 cm−1 calculated for Me-DDMAT. 

Gel Permeation Chromatography (GPC) 

The molecular weight distribution for the PATAC stabilizer block was assessed using aqueous 

GPC. An acidic aqueous buffer containing 0.5 M acetic acid and 0.3 M NaH2PO4 was adjusted 
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to pH 2 using concentrated HCl and used as an eluent for aqueous GPC analysis of the cationic 

PATAC precursor. The GPC instrument comprised an Agilent 1260 Infinity series degasser 

and pump, two Agilent PL 8 µm Aquagel-OH 30 columns and one 8 µm Aquagel-OH 40 

column in series. These columns were calibrated using ten near-monodisperse poly(ethylene 

oxide) standards ranging from 1 080 g mol-1 to 905 000 g mol-1. A refractive index detector 

operating at 30 °C was used at a flow rate of 1.0 mL min-1. Chromatograms were analyzed 

using Agilent GPC/SEC software. 

The molecular weight distributions of the PDMAC67 stabilizer block and a PDMAC-PDAAM 

diblock copolymer were assessed using DMF GPC. The GPC instrument comprised two 

Agilent PL gel 5 ȝm Mixed-C columns and a guard column connected in series to an Agilent 

1260 Infinity GPC system equipped with both refractive index and UV−visible detectors (only 

the refractive index detector was used) operating at 60 °C. The GPC eluent was HPLC-grade 

DMF containing 10 mM LiBr at a flow rate of 1.0 mL min−1 and DMSO was used as a flow-

rate marker. Calibration was achieved using a series of ten near-monodisperse poly(methyl 

methacrylate) standards (ranging in Mp from 625 to 618 000 g mol−1). Chromatograms were 

analyzed using Agilent GPC/SEC software. 

Transmission Electron Microscopy (TEM) 

Copper/palladium TEM grids (Agar Scientific, UK) were coated in-house to yield a thin film 

of amorphous carbon. The coated grids were then subjected to a glow discharge for 30 s. 

Individual 10.0 ȝL droplets of 0.1% w/w aqueous copolymer dispersions were placed on 

freshly-treated grids for 1 min and then carefully blotted with filter paper to remove excess 

solution. To ensure sufficient electron contrast, uranyl formate (9.0 ȝL of a 0.75% w/w 

solution) was absorbed onto the sample-loaded grid for 20 s and then carefully blotted to 

remove excess stain. Each grid was then dried using a vacuum hose. Imaging was performed 
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using a FEI Tecnai Spirit 2 microscope fitted with an Orius SC1000B camera operating at 80 

kV.  

Dynamic Light Scattering (DLS) 

DLS studies were conducted using a Malvern Zetasizer NanoZS instrument at 20 °C. All 

measurements were made on 0.1% w/w aqueous copolymer dispersions in 1.0 cm cuvette cells; 

scattered light was detected at 173° and data were averaged over three consecutive runs. 

Sphere-equivalent intensity-average diameters were calculated for diblock copolymer nano-

objects via the Stokes−Einstein equation, which assumes perfectly monodisperse, non-

interacting spheres. According to its manufacturer, this Nano ZS instrument set-up has an upper 

limit particle diameter of approximately 6 µm. The solution viscosity was taken to be that of 

pure water for nanoparticles prepared in 1 mM KCl. For DLS studies performed in the presence 

of higher salt concentrations, the solution viscosity was calculated for each salt concentration 

using literature data (see Table S1 in the Supporting Information).39 

Aqueous Electrophoresis  

Zeta potential measurements were performed using two different ELS instruments. 

Electrophoretic mobilities were determined for 0.1% w/w aqueous copolymer dispersions at 

25 °C in the presence of 1 mM KCl using the Malvern Zetasizer Nano ZS instrument described 

above using its default settings and a palladium Uzgiris-type dip electrode.40 However, such 

conventional commercial instruments do not allow accurate electrophoretic mobilities to be 

measured at ionic strengths above 100 mM. Thus, a Next Generation Electrophoretic Light 

Scattering system41 (NG-ELS; Enlighten Scientific LLC, Hillsborough, NC, USA) was used to 

conduct further measurements at both low and high salt. NG-ELS is an upgraded version of the 

original phase analysis light scattering (PALS) instrument42. PALS has become the de facto 

method to estimate zeta potentials using ELS at high salt concentrations. However, it assumes 
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that the nanoparticles have discrete electrophoretic mobilities, i.e. there is no distribution in 

mobility. The more conventional laser Doppler electrophoresis (LDE) method can provide the 

distribution information but only at lower salt concentrations. In the absence of any meaningful 

distribution information, ELS measurements are prone to misinterpretation owing to problems 

such as aggregation, thermal convection and additional light scattering by particulate 

contaminants (e.g. dust). NG-ELS employs both the PALS and LDE signal processing at high 

salt concentrations and enables quantitative measurement of electrode polarization in order to 

accurately determine the applied electric field during the electrophoresis measurements. 

Platinized platinum electrodes43 were used to minimize undesirable electrode-solution 

interface phenomena such as electrolysis. Both instruments use the Smoluchowski model to 

calculate zeta potentials from electrophoretic mobilities.44  

RESULTS AND DISCUSSION 

Synthesis of PDMAC and PATAC homopolymer precursors via RAFT solution 

polymerization 

The RAFT solution polymerization of ATAC was conducted in a 94:6 methanol/water mixture 

at 44 °C using Me-DDMAT as the RAFT agent, as outlined in Figure 1. PATAC 

homopolymers were prepared with mean degrees of polymerization (DPs) of either 91 or 100, 

as determined by end-group analysis using UV spectroscopy. Aqueous GPC analysis indicated 

narrow molecular weight distributions (Mw/Mn  < 1.19) for these precursors, see Figure S3a. 

The RAFT solution polymerization of DMAC was conducted in dioxane at 70 °C using Me-

DDMAT as the RAFT agent, as outlined in Figure 1. PDMAC homopolymers were prepared 

with DPs of 37 and 67, as determined by end-group analysis using UV spectroscopy. DMF 

GPC analysis indicated narrow molecular weight distributions (Mw/Mn < 1.15) for these 

precursors, see Figure S3b.  
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RAFT Aqueous Dispersion Polymerization of DAAM 

A series of ([n] PATACx + [1-n] PDMACy)-PDAAMz diblock copolymer nanoparticles were 

synthesized by simultaneous chain extension of a binary pair of PATAC and PDMAC 

precursors via RAFT aqueous dispersion polymerization of DAAM at 56 °C, see Figure 1. 

These PISA syntheses were conducted at 20% w/w solids and the PATAC DP was selected to 

be significantly longer than that of the PDMAC block to ensure that the former stabilizer would 

exert a significant effect over the electrophoretic footprint of these block copolymer nano-

objects even when present as a minor fraction. Given that the PATAC and PDMAC precursors 

were prepared using the same RAFT agent, the kinetics for the ensuing DAAM polymerization 

were expected to be identical for these two steric stabilizer blocks.  Experiments for which n = 

0 or n = 1 were also conducted to provide diblock copolymer nano-objects with either zero or 

maximum cationic character, respectively. DAAM conversions of more than 99 % were 

routinely achieved for such PISA syntheses as determined by 1H NMR spectroscopy studies 

conducted in CD3OD (i.e., complete disappearance of the vinyl signals at 5.4−6.4 ppm assigned 

to DAAM monomer, see Figure S4). Unfortunately, GPC analysis could not be conducted on 

the PATAC-PDAAM diblock copolymer because no suitable eluent could be identified that 

would solubilize the cationic PATAC and the hydrophobic PDAAM blocks. The same problem 

was also encountered for the GPC analysis of nanoparticles comprising binary mixtures of 

PATAC-PDAAM and PDMAC-PDAAM diblock copolymer chains. However, GPC analysis 

of the neutral PDMAC67-PDAAM1500 diblock copolymer chains (i.e., for n = 0) indicated a 

high blocking efficiency (minimal PDMAC67 precursor contamination) and a relatively narrow 

molecular weight distribution (Mw/Mn = 1.50) see Figure 2.  A summary of the characterization 

data obtained for all of the ([n] PATAC100 + [1-n] PDMAC67)-PDAAMz diblock copolymer 

nanoparticles prepared in this study is given in Table 1. 
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Fig. 1. Reaction scheme for the synthesis of (i) PDMACx homopolymer (x = 37 or 67) via 

RAFT solution polymerization of DMAC in dioxane and (ii) PATACy homopolymer (y = 91 

or 100) via RAFT solution polymerization of ATAC in a 94:6 methanol/water mixture. 

Subsequent chain extension of a judicious binary mixture of these PATAC and PDMAC 

precursors via RAFT aqueous dispersion polymerization of DAAM to produce a series of 

diblock copolymer nanoparticles of tunable cationic character.  
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Fig. 2. DMF GPC chromatograms recorded for the PDMAC67-PDAAM1500 diblock copolymer 

and the PDMAC67 homopolymer precursor. Refractive index detector. Calibration was 

achieved using a series of near-monodisperse poly(methyl methacrylate) standards. 

 

Table 1. Summary of the characterization data obtained for the ([n] PATACx + [1-n] 

PDMACy)-PDAAMz diblock copolymer nanoparticles prepared in this study.  

Entry 
No. 

x y z n DLS diametera / nm Zeta Potentialb /mV Assigned TEM 
morphology 

1 100 - 100 1.00 75 ± 20 +50 Spheres 
2 100 - 300 1.00 95 ± 18 +34 Spheres 
3 100 - 500 1.00 97 ± 20 +35 Spheres 
4 100 - 700 1.00 101 ± 17 +35 Spheres 
5 100 - 1000 1.00 122 ± 20 +34 Spheres 
6 100 - 1500 1.00 154 ± 44 +33 Spheres 
7 100 - 2000 1.00 206 ± 45 +37 Spheres 
8 - 67 1500 0.00 271 ± 111 +1 Spheres 
9 100 67 1500 0.10 204 ± 32 +16 Spheres 
10 100 67 1500 0.25 177 ± 29 +28 Spheres 
11 100 67 1500 0.50 145 ± 22 +32 Spheres 
12 100 67 1500 0.75 144 ± 19 +38 Spheres 
13 91 37 90 0.10 195 ± 89 +33 Worms 
14 91 67 300 0.10 196 ± 34 +40 Vesicles 
15 91 67 400 0.10 194 ± 19 +37 Vesicles 
16 91 67 900 0.10 221 ± 38 +34 Vesicles 

a
 Intensity-average diameter determined by DLS analysis of 0.1 % copolymer dispersions at 

20°C in 1mM KCl obtained using the Stokes-Einstein equation. Standard deviations were 
calculated using the polydispersity index (PDI) (ܸܵܶܧܦ ܦ ൌ  ξܲܫܦ  ൈ  .(ݎ݁ݐ݁݉ܽ݅݀ ܵܮܦ

b Zeta potential determined in the presence of 1 mM KCl at pH 7-8. 
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Nanoparticle characterization 

Previously, we reported that the use of relatively long non-ionic blocks in RAFT aqueous 

dispersion polymerization syntheses almost invariably result in kinetically-trapped spheres.37,45 

The same constraint applies for PISA syntheses performed using polyelectrolytic stabilizer 

blocks regardless of their mean DP.46–50 No doubt this is because strong mututal electrostatic 

repulsion between nanoparticles prevent their 1D fusion to form worms during the PISA 

synthesis.28,29 Indeed, in the present study all of the PATAC100-PDAAM z diblock copolymers 

(n = 1.00) formed well-defined spherical nanoparticles as determined by TEM studies, see 

Figure 3 for representative TEM images. Moreover, the mean particle diameter increased 

monotonically as the PDAAM DP (z) was systematically increased from 100 to 2000 (see 

entries 1-7 in Table 1). A systematic increase in intensity-average particle diameter from 75 to 

206 nm was indicated by dynamic light scattering (DLS) studies performed in 1 mM KCl.  

 

Fig. 3. Representative TEM images obtained for (a) PATAC100-PDAAM100 (b) PATAC100-
PDAAM300 (c) PATAC100-PDAAM1500 and (d) PATAC100-PDAAM2000. 

 

Zeta potential measurements were conducted on each of the seven aqueous dispersions of 

PATAC100-PDAAMz spherical nanoparticles (where z = 100 – 2000) dispersed in 1 mM KCl 
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at pH 7-8, see Table 1. In each case these nanoparticles proved to be highly cationic, exhibiting 

zeta potentials of at least +33 mV with little or no particle size dependence.  

 

Salt tolerance of PATAC100-PDAAM1500 spherical nanoparticles 

A 20 % w/w aqueous dispersion of PATAC100-PDAAM1500 nanoparticles was diluted to 0.1 % 

w/w via hand-mixing for 10 min using aqueous KCl solutions ranging from 1.0 mM to 4.0 M. 

DLS analysis was conducted on these dispersions, see Figure 4a. DLS is strongly biased 

towards the presence of aggregates because the scattered light intensity scales as the sixth 

power of the particle radius.51 For example, the scattered light intensity arising from 

nanoparticles with a mean diameter of 200 nm is 64 times greater than that for nanoparticles 

of 100 nm diameter. Thus it is well-known that this technique is well-suited for assessing the 

incipient flocculation of various types of colloidal dispersions.52–55 In the present study, 

aqueous dispersions were judged to be colloidally unstable if a significant increase in their 

intensity-average particle diameter and DLS polydispersity index (which is expressed as a 

standard deviation) was observed, after correcting for the relatively high viscosity of 

concentrated aqueous KCl solutions compared to that of pure water (see Table S1 in the 

Supporting Information for a summary of the solution viscosities used in this study).39 

The PATAC100-PDAAM1500 nanoparticles remained colloidally stable in the presence of 1.0 to 

4.0 M KCl. In fact, a modest reduction in intensity-average particle diameter (from 154 ± 44 

nm to 134 ± 53 nm in 4 M KCl) was observed compared to that obtained for the same dispersion 

in 1 mM KCl (entry 6, Table 1). This is attributed to the well-known polyelectrolyte effect:56 

the highly salty media ensures efficient electrostatic screening, which leads to relaxation of the 

initially highly stretched cationic PATAC100 stabilizer chains and hence a thinner coronal layer. 
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The PATAC100-PDAAM1500 nanoparticles exhibited excellent resistance towards flocculation 

even in the presence of 4.0 M KCl (which is close to a saturated solution for this particular 

salt). In view of this observation, these dilute aqueous dispersions were allowed to age for 115 

days at 20 ˚C with their colloidal stability being periodically monitored by DLS analysis, see 

Figure 4b. After almost four months under such conditions, no significant increase in apparent 

particle size was observed for these PATAC100-PDAAM1500 nanoparticles. Thus, further salt 

resistance studies were conducted using 1.0 to 4.0 M ammonium sulfate. The molar ionic 

strength of this 1:2 salt is significantly higher than that of a 1:1 electrolyte such as KCl.57 Again, 

the initial 20% w/w aqueous dispersion of PATAC100-PDAAM1500 nanoparticles was diluted 

to 0.1 % w/w using up to 4.0 M ammonium sulfate prior to DLS studies, see Figure 4c. 

Remarkably, colloidal stability was retained up to 3.8 M ammonium sulfate. However, 

aggregation was eventually observed at 3.9 M and 4.0 M, with floccs of 305 ± 269 nm and 

906 ± 659 nm respectively being formed under such conditions. It is perhaps worth 

emphasizing that this demonstration of colloidal stability in the presence of 3.8 M ammonium 

sulfate compares quite favorably with several recent reports of salt-tolerant 

nanoparticles.9,10,14,15 

The PATAC100-PDAAM1500 nanoparticles were aged for 115 days at 20 ˚C in up to 4.0 M 

ammonium sulfate, see Figure 4d. At the highest salt concentration, nanoparticle flocculation 

was observed immediately. However, nanoparticles dispersed in up to 3.0 M ammonium 

sulfate exhibited no significant increase in apparent particle size after 115 days, indicating 

high resistance towards flocculation under such conditions.  
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Fig. 4. (a + c) Plots of intensity-average DLS diameter against salt concentration for 0.1 % 

w/w aqueous dispersions of PATAC100-PDAAM1500 nanoparticles prepared using aqueous 

KCl or ammonium sulfate solutions respectively, ranging from 1.0 mM to 4.0 M (Standard 

deviations are calculated from the DLS PDI). (b + d) Plots of intensity-average DLS diameter 

against time for 0.1 % w/w aqueous dispersions of PATAC100-PDAAM1500 nanoparticles 

prepared using aqueous KCl or ammonium sulfate (AMS) solutions respectively, ranging 

from 1.0 M to 4.0 M. The dispersions were mixed at 20 ˚C for 115 days. 
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Aqueous electrophoresis measurements were conducted on 0.1 % w/w aqueous dispersions of 

PATAC100-PDAAM1500 nanoparticles in the presence of 0.0005 to 4.0 M KCl, see Figure 5. 

Initially, highly cationic zeta potentials (≥ +35 mV) are observed at low salt concentrations (up 

to 0.1 M KCl) and are reduced monotonically to less than +10 mV at 4 M KCl. Similar 

observations were reported by Garg et al.,58 who used optical microelectrophoresis to 

determine the electrophoretic mobilities of ~3 m amidinated or sulfated polystyrene latexes 

dispersed in highly salty aqueous media. Although the reduction in zeta potential with 

increasing salt concentration suggests substantial charge screening under such high salinity 

conditions, the validity of using the Smoluchowski model to calculate zeta potential from 

electrophoretic mobility is questionable and this approach most likely underestimates the true 

zeta potential.  

 

Fig. 5. Zeta potential data vs. KCl concentration determined for a 0.1% w/w aqueous 

dispersion of PATAC100-PDAAM1500 nanoparticles using an NG-ELS instrument. 

 

Systematic variation of the mole fraction of PATAC stabilizer within the nanoparticles 

On systematically varying n from 0.00 to 1.00 at a fixed z value of 1500, the zeta potential 

determined at pH 7 increased from essentially zero (+1 mV) when using the non-ionic 



19 

 

PDMAC67 stabilizer block alone to +16 mV at n = 0.10, +28 mV at n = 0.25 and +32 mV at n 

= 0.50  (see entries 6 and 8 – 12 in Table 1). Thereafter, no significant change in zeta potential 

was observed for the 0.50 < n ≤ 1.00 interval. Clearly, incorporating further cationic PATAC100 

chains into the sterically-stabilized nanoparticles has no discernible additional effect on their 

electrophoretic behavior. For entries 8-12 in Table 1, smaller spheres are obtained as n is 

systematically varied from 0.0 to 0.75, with a concomitant increase in zeta potential from +1 

to +38 mV. This suggests that the mutual electrostatic repulsion between neighboring cationic 

PATAC stabilizer chains leads to a lower mean aggregation number when a higher proportion 

of this component is used for these PISA syntheses. The salt resistance of a series of aqueous 

dispersions of (n PATAC100 + (1-n) PDMAC67)-PDAAM1500 nanoparticles was examined when 

varying n from 0.00 to 1.00. As-synthesized 20 % w/w nanoparticle dispersions were diluted 

to 0.1% w/w using aqueous KCl solutions ranging from 1 mM up to 4.0 M, see Figure 6.  

 

Fig. 6. Apparent DLS diameters determined for 0.1 % w/w aqueous dispersions of (n 

PATAC100 + (1-n) PDMAC67)-PDAAM1500 spherical nanoparticles freshly dispersed in either 

0.001, 1.0, 2.0 or 4.0 M KCl, where n is varied from 0.00 to 1.00. 
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In all cases, the (n PATAC100 + (1-n) PDMAC67)-PDAAM1500 nanoparticles proved to be 

colloidally stable on dilution with 1.0 M KCl within 10 min of their addition to the concentrated 

salt solution, see Figure 6. However, only those nanoparticles containing a relatively high 

proportion of cationic PATAC stabilizer chains (i.e. n = 0.75 or n = 1.00) remained colloidally 

stable when diluted using 2.0 or 4.0 M KCl, see Figure 6. This is perhaps surprising given the 

relatively high cationic zeta potentials determined in the presence of 1 mM KCl for those 

nanoparticles prepared using n  ≥ 0.25. This suggests that the colloidal stability depends on a 

sufficiently high charge density within the coronal stabilizer layer, rather than the nanoparticle 

zeta potential.  

Salt tolerance of cationic block copolymer worms and vesicles  

The synthesis of so-called ‘higher order’ morphologies such as worms and vesicles via PISA 

requires the efficient 1D fusion of spheres on the time scale of the RAFT dispersion 

polymerization.28,29,35,59 Since electrosteric stabilization strongly inhibits such sphere-sphere 

fusion events, it is inherently difficult to produce worms and vesicles by chain extension of a 

polyelectrolytic homopolymer precursor.46,47 However, worms and vesicles can be readily 

produced by chain extension of a judicious binary mixture of cationic and non-ionic 

precursors.48,49 In the present study, it was found empirically that a somewhat shorter PDMAC 

stabilizer block was also required to allow access to higher order morphologies. Thus, chain 

extension of a binary mixture of 0.90 PDMAC37 and 0.10 PATAC100 targeting PDAAM DPs 

of 300 to 900 resulted in the formation of a series of well-defined vesicles (entries 14-16, Table 

1, see Figure 7 for representative TEM images). Despite the relatively low PATAC100 stabilizer 

density within the coronal layer, such vesicles proved to be highly cationic, with zeta potentials 

ranging from +34 mV to +40 mV. The (0.10 PATAC100 + 0.90 PDMAC37)-PDAAM900 vesicles 

were selected for salt tolerance studies. An as-synthesized 20 % w/w dispersion was diluted to 

0.1% w/w using a series of aqueous KCl solutions ranging from 1 mM to 4.0 M. The DLS data 
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indicate that these cationic vesicles remained reasonably stable in the presence of up to 1.0 M 

KCl but significant flocculation was observed at higher salt concentrations, see Figure 7d. This 

is not surprising given that markedly lower salt tolerance was also observed for cationic spheres 

prepared using a binary mixture of 0.10 PATAC and 0.90 PDMAC stabilizer blocks (see Figure 

6).  

 

Fig. 7. Representative TEM images obtained for (a) (0.10 PATAC100 + 0.90 PDMAC37)-

PDAAM300 vesicles, (b) (0.10 PATAC100 + 0.90 PDMAC37)-PDAAM600 vesicles and (c) 

(0.10 PATAC100 + 0.90 PDMAC37)-PDAAM900 vesicles d) Apparent DLS diameter against 

KCl concentration for a 0.1% w/w dispersion of (0.10 PATAC100 + 0.90 PDMAC37)-

PDAAM900 vesicles prepared by diluting the as-synthesized 20% w/w vesicle dispersion 

using a series of aqueous KCl solutions.  

 

Cationic worms could also be prepared by using a binary mixture of 0.10 PATAC91 and 0.90 

PDMAC37 precursors to target a PDAAM DP of 90. As expected, these worms formed a free-
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standing gel owing to multiple inter-worm contacts.60 Such worms proved to be highly cationic 

with a zeta potential of +33 mV being observed in 1 mM KCl (see entry 13, Table 1). A 

representative TEM image is provided in Figure 8a. The salt tolerance of these (0.10 PATAC91 

+ 0.90 PDMAC37)-PDAAM90 worms was assessed by DLS, see Figure 8. The as-synthesized 

20 % w/w worm dispersion was diluted to 0.1% w/w using aqueous KCl solutions ranging 

from 1 mM to 4.0 M and mixed for 10 min prior to analysis. The worms remained colloidally 

stable up to 2.0 M KCl, with significant flocculation being observed at higher salt 

concentrations.  

 

Fig. 8. Apparent DLS diameter against KCl concentration for a 0.1% w/w aqueous dispersion 

of (0.1 PATAC91 + 0.9 PDMAC37)-PDAAM90 worms prepared by diluting the as-synthesized 

20% w/w worm dispersion using a series of aqueous KCl solutions. 

 

Conclusions  

A series of new cationic diblock copolymer spherical nanoparticles have been prepared via 

RAFT aqueous dispersion polymerization of DAAM using either a quaternized PATAC 
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precursor as a steric stabilizer block or a binary mixture of this cationic precursor plus a non-

ionic PDMAC steric stabilizer. These nanoparticles exhibited surprisingly strong resistance 

towards flocculation in highly salty aqueous media. In particular, DLS studies confirmed that 

highly cationic spheres prepared using PATAC as the sole steric stabilizer remained colloidally 

stable in the presence of either 4.0 M KCl or 3.5 M ammonium sulfate for almost four months 

when stored at 20 °C. However, spheres prepared using binary mixtures of both PATAC and 

PDMAC stabilizer blocks proved to be significantly less tolerant towards added salt, despite 

exhibiting similarly cationic zeta potentials. Thus the latter parameter is not necessarily a good 

predictor of salt tolerance for such colloidal dispersions. Moreover, cationic block copolymer 

worms and vesicles could also be prepared using this PISA formulation by utilizing a relatively 

low mole fraction of the cationic PATAC block as a steric stabilizer. These latter dispersions 

also exhibited reasonably good salt tolerance, with worms retaining their colloidal stability in 

the presence of up to 2.0 M KCl while vesicles resisted flocculation up to 1.0 M KCl. Such 

nanoparticles are likely to be excellent model systems for understanding the behavior of 

aqueous colloidal dispersions in the presence of relatively high concentrations of electrolyte. 

Finally, we report for the first time the use of a next-generation ELS instrument to determine 

the zeta potential of nanoparticles dispersed in highly salty media.  
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