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1. Further Experimental Details for the Synthesis of the (–) PGMA54 and (+) PGMA48 Precursors

Synthesis of Anionic (–) PGMA54 Precursor by RAFT Solution Polymerization in Ethanol

GMA monomer (10.0 g, 62.4 mmol), PETTC RAFT agent (0.302 g, 0.892 mmol; target PGMA DP = 70), 

ACVA initiator (0.050 g, 0.18 mmol; PETTC/ACVA molar ratio = 5.0) and ethanol (15.5 g, 60% w/w) 

were weighed into a 100 mL round-bottom flask. The flask was cooled in an ice bath and degassed 

with N2 gas for 30 min. Then it was immersed in an oil bath at 70 C and the polymerization was 

quenched after 120 min by exposing the reaction mixture to air while cooling to 20 C. 1H NMR 

spectroscopy studies indicated a final GMA conversion of 77%. The reaction solution was diluted 

with methanol (10 mL) and then the crude polymer was precipitated into a ten-fold excess of 

dichloromethane (twice). The macro-CTA was dissolved in water and then freeze-dried overnight to 

afford a yellow powder. A mean DP of 54 was determined by end-group analysis via 1H NMR 

spectroscopy (integrated aromatic proton signals at 7.2-7.5 ppm were compared to the methacrylic 

backbone protons at 0.7-2.5 ppm).

Synthesis of Cationic (+) PGMA48 Precursor by RAFT Solution Polymerization in Ethanol

GMA monomer (10.0 g, 62.5 mmol), MPETTC RAFT agent (0.469 g, 1.04 mmol; target PGMA DP = 

60), AIBA initiator (0.056 g, 0.21 mmol; MPETTC/AIBA molar ratio = 5.0) and ethanol (12.9 g, 55% 

w/w) were weighed into a 100 mL round-bottom flask. The flask was cooled in an ice bath and 

degassed with N2 gas for 30 min. Then it was immersed in an oil bath set at 56 C for 2 h before 

quenching the polymerization by exposing the reaction mixture to air while cooling the flask to 20 

C. 1H NMR spectroscopy studies indicated a final GMA conversion of 80%. The crude polymer was 

purified by precipitation into a ten-fold excess of dichloromethane (twice). The purified precursor 

was dissolved in water and then freeze-dried to afford a yellow powder. A mean DP of 48 was 

determined by end-group analysis using 1H NMR spectroscopy (integrated aromatic proton signals at 

7.2-7.5 ppm were compared to the methacrylic backbone protons at 0.7-2.5 ppm). 
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2.  Fourier transform of interfacial tension decay after a sudden expansion of a bubble

The interfacial dilatational response of an adsorbed layer can be determined using either an 

oscillatory deformation of the interface or via analysis of the interfacial tension decay (t) after a 

sudden expansion (A). The sudden expansion of an equilibrated interface reduces the surface 

excess of the adsorbed material, leading to an increase in interfacial tension. This then decays over 

time back to its equilibrium value (see Figure S1).

Figure S1. Schematic representation of a decay in interfacial tension after sudden expansion of an 

equilibrated interface (e.g. an aqueous droplet in the present study).

In principle, Fourier Transform (FT(x)) analysis of the time domain data obtained during the decay of 

the interfacial tension (t) back to its equilibrium value can provide interfacial moduli in the 

frequency domain (() where  is the angular frequency). The Fourier transform for this process is 

given by:

                                                    S1
𝜀(𝜔) = 𝐹𝑇(Δ𝛾(𝑡))𝐹𝑇(Δ𝐴(𝑡)𝐴𝑜 )

=

∞∫
0

Δ𝛾(𝑡)𝑒 ‒ 𝑖𝜔𝑡𝑑𝑡
∞∫[Δ𝐴(𝑡)𝐴𝑜 ]𝑒 ‒ 𝑖𝜔𝑡𝑑𝑡 

The area change is a step function, A(t)/Ao =0 t ≤ 0 and A(t)/Ao= A/Ao t > 0, hence

        S2

∞∫
0

Δ𝐴(𝑡)𝐴𝑜 𝑒 ‒ 𝑖𝜔𝑡𝑑𝑡= Δ𝐴𝑖𝜔𝐴𝑜
The real component of () relates to elastic properties (’()) and the imaginary component to loss 

properties (”()). Hence the integral shown in equation S2 can be split into these two components 

and the moduli evaluated from the decay function, (t), which is given by:

  S3
A𝛽(𝑡) = 𝐴𝑜Δ𝛾(𝑡)/

The decay of the interfacial tension, (t), was recorded at increasing time intervals. This allowed 

sufficient resolution over short timescales after rapid expansion of the interface without requiring an 

excessively high frame rate over the whole decay measurement (20 000 s). The Fourier transform 

requires evenly spaced time points so the entire decay function was fitted to a triple exponential 
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decay to accurately reproduce the data using the non-linear triple exponential fitting routine in 

Origin v.6 (MicroCal). A further parameter, ( ), was introduced when the interfacial tension had ∞
not fully relaxed back to its equilibrium value after 20 000 s.  ( ) is given by the following ∞
expression:

S4

𝛽(𝑡) = 𝑛∑𝑖= 1𝛽(∞) + 𝐴𝑖𝑒 ‒ 𝑡/𝑘𝑖
Where n = 3. The Fourier transform equations shown above are reduced to give equations S5 and 

S6: 

S5

𝜀'(𝜔) = 𝛽(∞) + 𝜔 ∞∫
0

(𝛽(𝑡) ‒ 𝛽(∞))sin (𝜔𝑡)𝑑𝑡
and

S6

𝜀''(𝜔) = 𝜔 ∞∫
0

(𝛽(𝑡) ‒ 𝛽(∞))cos (𝜔𝑡)𝑑𝑡
Where ’() is the elastic (or storage) modulus and ”() is the viscous (or loss) modulus. For neutral 

(uncharged) nanoparticles, a high initial (0) value was observed so the decay function could not be 

satisfactorily fitted with a single triple exponential decay. In such cases, the decay curve was split 

into two time domains (typically 0-200 s and 200-20 000 s) and each domain was fitted separately. 

The decay function (t) was Fourier transformed by numerically integrating equations S5 and S6 

over the frequency range 1 x 10-5 to 1 Hz (i.e., 6.28 x 10-5 to 6.28 rad s-1) within Excel. A typical fitted 

data set using a single triple-exponential decay function obtained for a 0.1% w/w aqueous dispersion 

of (+) PGMA48-PMMA80 nanoparticles at pH 3 is shown in Figure S2.

Figure S2. Example of a data fit to a single triple-exponential decay function obtained for a 20 mm3 

droplet immersed in n-dodecane, where the droplet phase comprises a 0.1% w/w aqueous 

dispersion of (+) PGMA48-PMMA80 nanoparticles at pH 3.
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3. Oscillatory interfacial rheology

To confirm the interfacial relaxation experiments, oscillatory dilatation measurements were 

performed on 0.1% w/w aqueous dispersions of the (–) PGMA54-PMMA80 nanoparticles and (+) 

PGMA48-PMMA80 nanoparticles at pH 3 and pH 7 respectively, as well as for (0) PGMA50-PMMA80 

nanoparticles at pH 7. In each case, these nanoparticles possess neutral character. Droplets (ca. 20 

mm3) of the aqueous nanoparticle dispersions were formed in n-dodecane (on a 1.65 mm outer 

diameter needle), equilibrated for 2 h and then subjected to oscillations corresponding to a relative 

area deformation of ca. 5% in the frequency range of = 0.0628 to 0.628 rad s-1 (i.e., 0.01 to 1 Hz) 

using a DataPhysics ODG20 tensiometer. The interfacial area, A(t), of such aqueous droplets was 

varied sinusoidally over time with an amplitude of A about its mean value, Ao, such that

S7𝐴(𝑡) = 𝐴𝑜+ Δ𝐴𝑐𝑜𝑠(𝜔𝑡)
200 images were recorded for each droplet over time for five periods of oscillation at each 

frequency. Each image was analyzed using the instrument software to calculate the variation in 

interfacial tension with time, (t). The amplitude of the interfacial oscillation () was determined 

and the variation in the interfacial tension during the oscillation is given by: 

 S8𝛾(𝑡) = 𝛾𝑜+ Δ𝛾𝑐𝑜𝑠(𝜔𝑡+ 𝜙)
Where  is the phase angle between the sinusoidal variation in area and interfacial tension. The 

instrument software applies a Fourier transform to this variation to extract ’() and ”() at each 

frequency, where these parameters are given by the following expressions:

 S9
𝜀'(𝜔) = Δ𝛾(𝜔)𝐴𝑜Δ𝐴𝑐𝑜𝑠𝜙(𝜔)

And

 S10
𝜀"(𝜔)= Δ𝛾(𝜔)𝐴𝑜Δ𝐴𝑠𝑖𝑛𝜙(𝜔)

Typical plots of (t) and A(t) obtained for a 0.1% w/w aqueous dispersion of (0) PGMA50-PMMA80 

nanoparticles are shown in Figure S3. There is only a small phase difference between the sinusoidal 

change in interfacial tension and the sinusoidal area curve, which suggests that the rheology is 

dominated by an elastic response at this frequency (0.628 rad s-1).
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Figure S3. Variation in droplet surface area and interfacial tension observed over time at a frequency 

of 0.628 rad s-1 for (0) PGMA50-PMMA80 nanoparticles adsorbed at the n-dodecane/water interface.

Representative plots for ’() and ”() are shown in Figures S4 and S5 for dilute aqueous 

dispersions of the three types of nanoparticles at pH 3 and pH 7. Higher elastic moduli are always 

observed for neutral nanoparticles compared to cationic or anionic nanoparticles. These 

observations are consistent with the relaxation measurements and confirm that adjusting the 

solution pH has a significant effect on the interfacial adsorption of minimally-charged sterically-

stabilized nanoparticles. Moreover, such moduli are only slightly lower than those calculated from 

the relaxation data, despite the significantly shorter equilibration times (2 h vs. overnight). This 

difference was readily apparent in the interfacial tension data, where the overnight equilibration 

values were generally 1-3 mN m-1 lower than those achieved after equilibration for 2 h. With the 

exception of the (+) PGMA48-PMMA80 nanoparticles at pH 7, all systems exhibited loss moduli of 0-2 

mN m-1, suggesting that no significant transfer of nanoparticles to or from the oil-water interface 

occurred over the timescale of the oscillations. Moreover, these very low values explain why loss 

moduli could not be determined from the relaxation measurements within this frequency region.



S7

0.01 0.1 1
0

2

4

6

8

10

12

14

16

18

20

22

’
, 
'

'(
m

N
 m

-1
)  

Frequency (Hz)

Figure S4. Frequency dependence for ’() and ”() observed for (0) PGMA50-PMMA80 

nanoparticles (  , o) and (–) PGMA54-PMMA80 nanoparticles (  , o) at pH 7 and (–) PGMA54-PMMA80 ∎ ∎
nanoparticles (  , o) at pH 3 adsorbed at the n-dodecane/water interface∎
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Figure S5. Frequency dependence for ’() and ”() observed for (0) PGMA50-PMMA80 

nanoparticles (  , o) and (+) PGMA48-PMMA80 nanoparticles (  , o) at pH 7 and (+) PGMA48-PMMA80 ∎ ∎
nanoparticles (  , o) at pH 3 adsorbed at the n-dodecane/water interface.∎
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The interfacial properties determined for dialyzed and non-dialyzed (–) PGMA54-PMMA80 

nanoparticles were compared at pH 7. Moduli for the dialyzed sample are 10-15% higher than those 

for the non-dialyzed sample. This difference was considered to be within experimental error hence 

non-dialyzed samples were used for the remaining experiments. A series of 10% w/w aqueous 

dispersions of nanoparticles were prepared and diluted to the desired concentration as required. 

Similar results were obtained for a freshly diluted sample of non-dialyzed (–) PGMA54-PMMA80 

prepared at pH 7 compared to the same nanoparticles analyzed ten months previously. This suggests 

that such nanoparticles do not suffer hydrolytic degradation under such conditions.


