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In this study we investigated charge regulation (CR) due to non-specific interactions in a model 

system of a weak polyelectrolyte (WPE), poly(acrylic acid), PAA, in concentrated solutions of 

poly(vinyl alcohol), PVA, and colloidal dispersion of carbon-black dispersed by PVA (CB-PVA).  

 

2. 1 Titration experiments, comparing between potentiometric titration and FTIR  

The degree of ionization, 𝛼, of PAA can be measured via FTIR spectroscopy by linear superposition 

of the spectra obtained from hydrolyzed PAA at pH=2 and ionized PAA at pH=13 (see  previous 

paper [1]). A comparison of titration curves obtained via potentiometric method and direct ATR-FTIR 

measurement is presented in Figure S1.  

 
Figure S1. Degree of ionization as a function of pH in PAA solutions (PAA 100kDa, 1wt%, DIW no added salt). The 
dashed line is the calculated titration curve, blue dots were obtained from potentiometric measurements, red dots from 
FTIR measurements.  
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2.2 Calculation of the titration curves 

98% hydrolyzed PVA 13-23 kDa contains less than ~1.55wt% of acetate group, with a monomeric 
pKa of 4.72 [2-4] similar to that of acetic acid. 

The following calculation describes the ionization ratio of two weak acids A, and B, with a similar 
pKa but different concentrations of acidic groups. (𝑆1)       HA       ↔       𝐻ା   +      𝐴ି           𝑎𝑛𝑑                HA       ↔       𝐻ା    +       𝐴ି   (𝐴଴ − 𝐴ᇱ − 𝑎) ↔ (𝑎 + 𝑏) + (𝐴ᇱ + 𝑎)                (𝐵଴ − 𝐵ᇱ − 𝑏) ↔ (𝑎 + 𝑏) + (𝐵ᇱ + 𝑏)        
Where 𝐴଴ and 𝐵଴ are the total acids concentration, 𝐴ᇱ and 𝐵ᇱ are the part of acid A and acid B 
reacted with the base during the titration. And 𝑎 and 𝑏 are part of acid A and acid B dissociated to 
reach the equilibrium (equation S2 and S3)  (𝑆2)     pKa୅ = ሾ𝐻ାሿሾ𝐴ᇱ − 𝑎ሿሾ𝐴଴ − 𝐴ᇱ − 𝑎ሿ = ሾ10ି௣ுሿሾ𝑦ሿሾ𝐴଴ − 𝑦ሿ        
(𝑆3)     pKa୆ = ሾ𝐻ାሿሾ𝐵ᇱ − 𝑏ሿሾ𝐵଴ − 𝐵ᇱ − 𝑏ሿ = ሾ10ି௣ுሿሾ𝑥ሿሾ𝐵଴ − 𝑥ሿ        
The pKa୅ and pKa୆ are dissociation constants for weak polyelectrolyte (A) and weak electrolyte 
(B). The pKa୆ is constant throughout the titration. Thus, at any pH the 𝑥 is: (𝑆4)   𝑥 = pKa୆ B଴B଴ + 10ି୮ୌ 

And from charge conservation (𝑁𝑎ା ≫  𝑂𝐻ି) (𝑆5)   𝑦 =  𝑁𝑎ା + 𝐻ା − 𝑂𝐻ି − 𝑦 ≅ 𝑁𝑎ା + 𝐻ା − 𝑥 

Where 𝑁𝑎ା is concentration of the base added during the titration. 

Thus the pKa୅ of weak polyelectrolyte calculated via following formula: 

(𝑆6)   pKa୅ = ሾ10ି௣ுሿሾ𝑦ሿሾ𝐴଴ − 𝑦ሿ = ሾ10ି௣ுሿ ൤𝑁𝑎ା + 𝐻ା − pKa୆ B଴B଴ + 10ି୮ୌ൨൤𝐴଴ − 𝑁𝑎ା + 𝐻ା − pKa୆ B଴B଴ + 10ି୮ୌ൨  

 

The assumption leading to equation S6 is that pKa୆ is constant.  

In Figure S2 we present titration curves of PAc in the presence of PVA. The curves show that the 

degree of ionization of the PAc is similar in DIW and PVA solutions. The pKa values are not affected 

significantly by the presence of 5 wt% PVA 98% hydrolysed. 
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Figure S2. PAc titration curves (0.1wt% (A) and 1wt% (B)) and ΔpKa (C) bar graph for ionization degree of 0.3, 0.5 and 
0.7. Black curves are DIW solution and grey are for PVA 5wt%. 

 

3. Viscosity measurements of PVA solutions 

The viscosity of PAA and PAA-PVA solutions was measured by MCR 702e MultiDrive rheometer 

(Anton Paar, Graz, Austria), operated in constant strain mode. Experiments of frequency, stress, and 

time sweeps were performed using 50 mm diameter parallel plates at 20 °C. Viscosity measurements 

were performed at shear rates between 1 and 1000 s–1 using 50 mm 1° steel cone geometry. Solvent 

evaporation was prevented by a solvent trap. 

As shown in Figure S3, PVA solutions at concentrations below 15 wt% show Newtonian’s behaviour. 

The G’ and G” of PVA below 15wt% cannot be measured because of signal to noise limitations. Only 

at 15wt% PVA solution shows a viscoelastic behaviour and the G’ and G” of PVA can be measured 

(Figure S3B). 



4 
 

 
Figure S3. Viscosity measurements of PVA at different concentrations (A) PVA 5-15wt%. B) G’, G” plot of 15 wt% 
PVA. C) Viscosity measurements of PAA 100kDA 1wt% at pH 3 and pH 7. D) Viscosity of PVA 5wt% + PAA 
100kDA 1wt % at pH 3 and pH 7. 

The viscosity of PAA solution (with and without PVA) increases with the pH [6] but remains 

Newtonian.  Liquid mixtures of PVA-PAA show a similar behaviour to that of PVA solutions [5].   

 

Figure S4. Cryo-TEM images of 1wt% CB-PVA at A) pH=4, and B) pH=7.  
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In Figure S4 we present cryo-TEM images of dispersions of CB-PVA in PAA solutions at pH = 4 

and pH= 7. The images do not show a significant difference between the aggregation state of the CB-

PVA particles.  

4. Titrations of PAA in dispersions of CB 

Materials: Carbon black nano powder (CB-Sigma product #699632), d < 500 nm) was purchased 

from Sigma Aldrich Israel. F108 (Pluronics poly (ethylene glycol)-block-poly(propylene glycol)-

block-poly(ethylene glycol) polymers, PEO100PPO70PEO100 was received as a gift from BASF 

(Product no. 583062). 

Dispersions of CB in F108 solutions were prepared following the procedure described in the 

experimental part of the main text. Titrations experiments of PAA 100 kDa in CB-F108 dispersions 

are presented in Figure S5.  

 
Figure S5. A) Titration curves presenting the degree of ionization (a) as a function of pH, (B) pKa as a function of a 1/3 
and (C) ΔpKa of PAA-CB dispersion at 30, 50, and 70% of ionization, for PAA 100kDa 0.1wt% with CB-PVA and CB-
F108.  

 

The aim of these experiments was to investigate the role of the dimensions and geometry of the 

additives (CB) as compared to specific interactions induced by the dispersion polymer (PVA vs. 

F108). While PVA does not adsorb or bond to PAA (see main text and reference [7] where ITC 

measurements show weak interactions), PEO forms hydrogen bonding with the protonated acid 

comprising the PAA monomers  [1], while it does not interact with the de-protonated (ionized) PAA. 

In Figure S5 C we observe deviations in pKa of magnitude similar to that observed in CB-PVA, 
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indicating that the degree of ionization along the titration curve is lower in both dispersions, 

irrespective of the difference in the specific interactions. A detailed description of the effect of 

micellar solutions on the acid-base reaction of PAA was given in our previous publication [1]. Indeed, 

for CB Sigma the shift is up to 0.6 pH units compared to 0.8 pH units for CB-PVA. 

5. SAXS measurements 

The scattering curves of PAA solutions (Figure 4A of the main text) are typical of polyelectrolyte 

solutions and exhibit the characteristic broad peak of charged PE [8]. As expected, the peak’s position 

depends on the PAA concentration (Figure S6); measurements of PAA solutions at pH below (pH = 

4) and above the pKa of PAA show that the peak appears due to ionization of the PAA and the location 

of the peak is not shifted by the pH (in accordance with previous reports, ref [9]).  

SAXS curves obtained from solutions of PAA 100 kDa at different concentrations (pH = 7) are 

presented in Figure S6. All curves were fitted to the broad Lorentzian peak empirical model[10]. 

(𝑆7)                𝐼(𝑞) = 𝐴𝑞௡ + 𝐶1 + (|𝑞 − 𝑞଴|𝜉)௠ 

Where A is the Porod law scale factor and n is the Porod exponent, C is the Lorentzian scale factor, ξ 

is the screening correlation length, and m is roughly equal to 1∕ν Where ν is the Flory exponent, which 

indicates the behavior of a polymer in a solvent (3/5 for good solvent, 1/2 for theta solvent)[11]. The 

peak maximum, q0, corresponds to d0 = 2π/q0, representing an average distance between the charged 

PAA segments.  

The best fit parameters from the Lorentzian peak empirical model correspond to Figure 4A and are 

summarized in Table S1. 

Table S1. Best fit parameters from the Lorentzian peak empirical model of the scattering curves of 0.8, 1, 1.6 and 2 wt% 
PAA 100 kDa. 

c 
 [wt%] 

A 
 

n 
 

C 
 

q0 

[A-1] 
d0  

[nm] 
ξ 

[nm] 
m 
 

0.8 0 0 2.91  0.049 ± 0.001 13 ± 1 2.5 ± 0.1 1.47 ± 0.03 
1 0 0 3.17 0.060 ± 0.001 10 ± 1 2.0 ± 0.1 1.55 ± 0.02 

1.6 0 0 2.99 0.069 ± 0.001 9 ± 1 2.0 ± 0.1 1.50 ± 0.04 
2 0 0 1.27 0.075 ± 0.001 8 ± 1 1.8 ± 0.1 1.62 ± 0.02 
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Figure S6. 1D SAXS curves obtained from 0.8 wt% (●), 1 wt% (●), 1.6 wt% (●), and 2 wt% (●) PAA solution at pH = 
7. The solid lines correspond to the Lorentzian peak empirical model. The curves are shifted for better visualization. 

The effect of different ionization degrees on the 1D scattering patterns obtained from solvated 1 wt% 

PAA 100 kDa was investigated using SAXS and presented in Figure 4 in the main text. The 

scattering patterns could be fitted to the Lorentzian peak empirical, and the best fit parameters to the 

model are summarized in Table S2.  

Table S2. Best fit parameters from the Lorentzian peak empirical model of the scattering curves of 1 wt% PAA 100 kDa 
at different pH. 

pH 
 

A 
 

n 
 

C 
 

q0 

[A-1] 
d0  

[nm] 
ξ 

[nm] 
m 
 

4 0 0 17 0.033 ± 0.001 19 ± 1 2.5 ± 0.1 1.86 ± 0.01 
5 0 0 17 0.050 ± 0.001 12 ± 1 2.5 ± 0.1 1.63 ± 0.01 

5.6 0 0 19 0.054 ± 0.001 12 ± 1 2.5 ± 0.1 1.61 ± 0.01 
7 0 0 26 0.053 ± 0.001 12 ± 1 2.4 ± 0.1 1.65 ± 0.01 

* The parameters A and n correspond to the Porod upturn at low-q values of the Lorentzian peak 
empirical model. Since such an upturn was not observed in any of the SAXS curves obtained from 
PAA solutions, these parameters can be fixed as zero. 

The scattering curves obtained from 5 wt% PVA solutions (Figure 4B) show the scattering typical to 

a random coil and could be fitted to the Ornstein-Zernike model[10].  

(𝑆8)                  𝐼(𝑞) = 𝑠𝑐𝑎𝑙𝑒1 + (𝑞𝜉)ଶ + 𝐵 

Where ξ is the correlation length, and B is the background. The best fit parameters are summarized 

in Table S3. 
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Table S3. Best fit parameters from the Orenstein-Zernike model of the scattering curves of 5 wt% 
PAA 100 kDa at different pH. 

pH ξ [nm] 
4 9.5 ± 0.1 
7 9.7 ± 0.1 

 

A comparison between a measured SAXS curve obtained from solvated 1 wt% PAA in 5 wt% PVA 

solution (pH = 7) and a calculated curve via linear superposition of 1.6 wt% PAA solution and 5 wt% 

PVA solution at pH = 7 is presented in Figure S7. 

The black triangles (linear superposition of 1.6 wt% PAA solution and 5 wt% PVA solution at pH = 

7) have a good fit to scattering of 1.0 wt% PAA solution and 5 wt% PVA solution at pH = 7. 

Therefore, we can conclude a local increase of PAA concentration following interaction with PVA. 

This observation presumably points to depletion interaction leading to local crowding of PAA. 

 

Figure S7. SAXS curve obtained from 1 wt% PAA in 5 wt% PVA solution at pH = 7 (▲), and calculated curve via 
superposition of 1.6 wt% PAA and 5 wt% PVA at pH = 7 (▲). The curves are shifted for better visualization. 
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