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ABSTRACT  

Branching in polymers is an important feature that plays a role in their applications. The degree 

of branching (DB) has been quantified in several polymers using NMR spectroscopy. In this 

work, the DB of poly(acrylic acid), PAA, was quantified. The precision and accuracy of DB 
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quantification in this polymer has been assessed for the first time. Incomplete dissolution lowers 

the accuracy of DB. Moisture content, chain end and impurities have to be taken into account to 

assess the solubility correctly. The incomplete solubility may be partially due to some clustering 

and it might for example explain the notable inaccuracy of the molecular weight determined by 

SEC for PAA. The error introduced during data treatment in NMR spectroscopy affects the 

precision of DB. This study enables the design of the best approach for a precise and accurate DB 

quantification not only for PAA but also for other branched polymers. An accurate DB increases 

the knowledge of the polymer structure enhancing the capacity to tailor PAA structures for 

properties desired in many applications. 

TABLE OF CONTENTS GRAPHIC 

 

 

INTRODUCTION 

Branching is a key structural feature of a number of important polymers such as starch, 

polyethylene or polyacrylics.1 It plays a crucial role in the properties such as rheological 

properties2 and interfacial properties.3 Poly(acrylic acid), PAA, and its salt, poly(sodium 

acrylate), PNaA, are both branched polymers and important industrial polymers,4 e.g. used in 

diapers5 or water purification6. PAA and PNaA are also researched for drug delivery7-15, and as 

an additive for the prevention of scaling.16-19 Branching in PNaA is usually not introduced by 

design, but it was identified using 13C NMR spectroscopy for PAA and PNaA obtained by 
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radical polymerization.20-24 The likely presence of branching is still not taken into account for 

most publications about PAA. Intermolecular and intramolecular (chain) transfer to polymer 

result in a mid-chain radical which can lead to branching with a quaternary carbon (Cq) as the 

branching point. 20-22, 24  

NMR spectroscopy has been proven to be an effective tool for the degree of branching (DB) 

quantification of several branched polymers. DB quantification via the Cq signal has been carried 

out on polyolefins and polyacrylates using several 13C NMR spectroscopy methods including 

solid-state28, 30, swollen-state30, melt-state26, 30, 31 and solution-state20, 21, 25, 27, 29, 30 NMR 

spectroscopy. For branching quantification in hydrophobic polyacrylates, solid-state NMR 

spectroscopy exhibited a too low resolution and swollen-state NMR spectroscopy a low 

sensitivity.30 Melt-state NMR spectroscopy has shown high sensitivity and sufficient resolution 

for the DB quantification in polyolefins and hydrophobic polyacrylates.26, 30, 31 Solution-state 

NMR spectroscopy also yields high-resolution spectra for hydrophobic polyacrylates, but with 

variable accuracy in the determination of DB assumingly due to the presence of microgels in 

some samples.30 

Accuracy for the DB determination by quantitative NMR spectroscopy is challenging to assess 

due to the absence of calibration standards with known DB. For this reason, most DB 

measurements are self-calibrated with the area of the branching signal related to the area of the 

backbone signal in the same spectrum (without comparison with a known DB standard). The 

accuracy and precision of these self-calibrations were assessed for quantitative 13C NMR 

measurements of ethylene/1-octene copolymers.32 The reproducibility of these self-calibration 

schemes involved the comparison of quantitative 13C NMR measurements of ethylene/1-octene 

copolymers determined using two different NMR spectroscopy instruments with similar 

experimental set-ups. Several simulations were also used to detect any error during data 
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treatment. The assessment of these self-calibration schemes is not restricted to ethylene/1-octene 

copolymers and should be applied to other branched polymers such as PAA. 

DB quantification by NMR spectroscopy encountered several limitations impacting on the 

precision and accuracy, including systematic errors. The precision of the DB quantification 

depends on the number of scans (NS). Automated phase correction may also not be accurate with 

polymers due to their broad signals and possible baseline correction errors may lead to 

limitations in determining the DB.33, 34 Manual processing can lead to errors as treatment routines 

may vary from user to user leading to slight differences in the applied phase and baseline 

correction in addition to the choice of the integration limits.33, 34 The error caused by phasing in 

solid-state NMR spectroscopy was investigated for the degree of acetylation (DA) quantification 

in chitosan.35 The relative standard deviation (RSD) from phasing was calculated by comparing 

several data sets phased by four different users. For the DB quantification in polyolefins, the 

reproducibility was improved by having a set protocol for the set-up and treatment of the data for 

all users.33, 34 

The empirical method for the estimation of the RSD of DB established for polyolefins33, 34 was 

applied to the DB of poly(n-alkyl acrylates)30. A theoretical approach for the calculation of the 

RSD of the DB was also proposed for poly(n-alkyl acrylates).30 Limited differences were 

observed between the RSD values obtained using these empirical and theoretical approaches for 

the DB quantification in poly(n-alkyl acrylates), and the empirical method was found to 

overestimate the RSD of the DBs measured by solution-state NMR spectroscopy. 

In this work, the DB of PAA/PNaAs synthesized with various reversible-deactivation radical 

polymerization (RDRP) methods as well as a Linear PAA and PAA obtained by radical 

polymerization was quantified using solution-state NMR spectroscopy. 29 PAAs/PNaAs obtained 

by several polymerization methods were chosen to have a wide range of samples for the 
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assessment of the precision and accuracy of the DB quantification in PAA/PNaA. Although it 

has been shown that melt-state NMR spectroscopy is the method of choice for DB quantification 

in polyolefins and hydrophobic polyacrylates26, 30, 31, this method would demand very high 

temperatures to melt PAA. These temperatures, typically 150 °C above the glass transition 

temperature (Tg), are expected to degrade the PAA samples. Thermogravimetric analysis of PAA 

indeed indicated degradation above 200 °C36 which is only 100 °C above PAA’s  Tg
37. Thus, for 

this study solution-state NMR spectroscopy was selected as the only method currently available 

for PAA. It must however be noted that in solution-state NMR spectroscopy, gel fractions and/or 

clustered fractions that could be present in the sample may not be measured in the DB 

quantification as they are not solvated and mobile enough in solution. Therefore, possible errors 

introduced by incomplete sample dissolution and data processing were investigated in order to 

assess the precision and accuracy of DB quantification in PAA by solution-state NMR. 

 

EXPERIMENTAL SECTION 

Materials  

Maleic acid (≥99 %), tetramethylsilane (TMS, 99 %), and trifluoroacetic acid (TFA, 99 %) 

were obtained from Sigma. Pyridine was supplied by Univar. 1,4-dioxane-d8 (dioxane-d8, 99 % 

D), deuterium oxide (D2O, 99.9 % D), 40 % sodium deuteroxide (NaOD) in D2O (99.5 % D), 35 

% deuterium chloride (DCl) in D2O (99.5 % D) and dimethyl sulfoxide-d6 (DMSO-d6, 99.9 % D) 

were sourced from Cambridge Isotope Laboratories, Inc. 

Polymer synthesis 

Samples codes are listed in Table 1. PAAs/PNaAs synthesized by nitroxide-mediated 

polymerization (NMP)22, atom-transfer radical polymerization (ATRP)17 and macromolecular 

design via interchange of xanthates (MADIX)38 were obtained from Aix-Marseilles University 
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(France), University of New England (Australia), and Paul Sabatier University (France), 

respectively. Conventional PAA was also supplied by Aix-Marseilles University (France). The 

synthesis and SEC conditions were similar to published ones for samples synthesized with 

NMP22, conventional radical polymerization 22,  MADIX38 and ATRP16, 17. A linear PNaA 

sample was purchased from Polymer Standard Service (Mainz, Germany, lot number paa26027). 

More information about the polymerization is given in the Supporting Information. 

 

Thermogravimetric analysis (TGA) 

TGA measurements were carried out on a STA 449C Jupiter (Netzsch). The samples were 

heated from room temperature to 120 °C at 10 °C·min-1 under a 25 mL·min-1 nitrogen 

atmosphere; an isotherm at 120 °C was then kept for 60 min. The moisture content was 

calculated from the weight loss at the end of the isotherm.13 
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Table 1. Description of poly(acrylic acid) samples investigated in this work. Mn,th refers to the 

theoretical number-average molar mass, and Mn,SEC/NMR to the number-average molar mass 

determined with SEC or NMR (as specified for each value). MONAMS refer to methyl 2-[N-

tertiobutyl-N-(1-diethoxyphosphoryl-2,2-dimethylpropyl)aminoxy]propionate, BB to 

BlocBuilder, AIBN to 2,2'-azobisisobutyronitrile, ACBN to 1,1'-azobis(cyclohexanecarbonitrile), 

HB to hexyl 2-bromoisobutyrate, and HDB to hexadecyl-2-bromoisobutyrate 

Sample  Synthesis Mn,th 

(g·mol-1)  

Mn,SEC/NMR 

(g·mol-1)  

Initiator 

NMP-AA-1 NMP 4,900 6,900 (SEC)22 MONAMS 

NMP-AA-3 NMP 4,600 7,800 (SEC) MONAMS 

NMP-AA-5 NMP 2,100 10,000 (SEC) BB 

NMP-AA-6 NMP 2,700 12,000 (SEC) BB 

NMP-tBA-1 NMP of t-butyl acrylate 

and hydrolysis 

13,100 7,500 (SEC)22 MONAMS 

MADIX-AA-4 MADIX 10,000 22,000(SEC) AIBN 

MADIX-AA-5 MADIX 10,000 20,000(SEC) ACBN 

MADIX-AA-6 MADIX 10,000 17,000(SEC) t-Butyl 

peroxide 

ATRP-tBA-1 ATRP of t-butyl 

acrylate and hydrolysis 

6,810 2,880 (SEC)16 

4,220 (NMR)16 

 HB 

ATRP-tBA-2 ATRP of t-butyl 

acrylate and hydrolysis 

6,750 9,390 (NMR)16 HDB 

CONV-AA-1 Conventional n.d.a 33,700 (SEC) AIBN 

Linear anionic polymerization 

of t-butyl acrylate and 

hydrolysis 

n.d.a 39,300 (SEC)22  

anot determined 
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NMR spectroscopy 

PAA and PNaA samples were dissolved for at least overnight at room temperature at different 

concentrations (69.9 – 200 g·L-1) in different solvents depending on the nature of the sample and 

heated if necessary when they looked cloudy (Table 2). Heated samples were heated at 60 °C 

whilst stirring at 300 rpm overnight in an Eppendorf Thermomixer C unless indicated otherwise. 

NMR spectra were recorded using a Bruker DRX300 spectrometer (Bruker Biospin Ltd, Sydney) 

equipped with a 5-mm dual 1H/13C probe, at Larmor frequencies of 300.13 MHz for 1H and 

75.48 MHz for 13C, at room temperature (~ 25 °C). In 1,4-dioxane-d8, the tetramethylsilane 

signal at 0 ppm was used as a reference for 1H and 13C chemical shifts. Samples dissolved in 

D2O were externally calibrated to the methyl signal of ethanol in D2O at 1.17 and 17.47 ppm for 

1H and 13C chemical shifts, respectively.39 
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Table 2. Dissolution conditions and experimental parameters of 13C NMR experiments. 

Sample  Solvent  Concent

ration  

(g·L-1)  

Heate

d 

Number 

of scans 

(NS) 

Repetitio

n delay(s) 

Dissolu-

tion test 

DEPT-

135 

conducted 

(NS) 

NMP-AA-1 Dioxane-

d8 

150 No 45,056 6.00 No Yes 

(15,360) 

NMP-AA-3 Dioxane-

d8 

150 No 37,328 7.00 Yes No 

NMP-AA-5 D2O / 

NaODa 

149 No 45,948 6.00 Yes No 

NMP-AA-6 D2O 100 No 45,948 6.00 Yes No 

NMP-AA-6  D2O 

/NaOD 

74.9 Yes n.r.c,d n.r.c,d Yes No 

NMP-tBA-1  D2O / 

NaOD a / 

DClb 

125 No 57,344 12.0d Yes Yes 

(36,272) 

NMP-tBA-1 DMSO-d6 69.9 No 27,653 6.00d Yes No 

MADIX-

AA-4 

Dioxane-

d8 

100 No 81,920 10.0 Yes Yes 

(45,198) 

MADIX-

AA-5 

Dioxane-

d8 

200 Yes 16,774 10.0 Yes Yes 

(22,770) 

MADIX-

AA-6 

Dioxane-

d8 

200 Yes 14,900 10.0 Yes Yes 

(24,984) 

ATRP-tBA-

1 

Dioxane-

d8 

100 No 40,068 6.00 No No 

ATRP-tBA-

2 

Dioxane-

d8 

100 No 13,107 6.00 Yes No  

CONV-AA-

1 

Dioxane-

d8 

100 No 47,512 25.0 No No 

Linear  D2O 100 No n.r.c,d n.r.c,d No No  

aNaOD is 1 mol equivalent to acrylic acid (AA) units; bDCl is ½ mol equivalent to AA units; 
cspectrum was not recorded; dDB was not quantified 
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Quantitative one dimensional (1D) 1H NMR spectra were recorded with a 10,000 Hz spectral 

width, a 30° flip angle, 50 s repetition delay and 40 scans. 13C NMR spectra were recorded with 

a 20,000 Hz spectral width, inverse-gated decoupling, a 90° flip angle, repetition delays of 6 to 7 

s and 13,107 to 81,920 scans (Table 2). Repetition delays were set at least five times longer than 

the longitudinal relaxation (5T1) for the signals of interest (quaternary signal, Cq, the backbone 

signals, the signals overlapping the backbone and the signal corresponding to the carboxylic acid 

signal of the polymer) in order to ensure that the spectra obtained were quantitative (for more 

information on relaxation time estimation see supporting information, Figure S1). For the 

dissolution tests, 5T1 were set all the signals. 13C distortionless enhancement by polarization 

transfer 135 (DEPT-135) spectra were recorded with a 20,000 Hz spectral width, a variable 135 ° 

1H flip angle, and the same repetition delay as for the quantitative 13C NMR spectrum of the 

same sample. Maleic acid (100.00 g·L-1) and pyridine (100.00 g·L-1) in 1,4-dioxane-d8 and D2O, 

respectively, were used as internal standards to quantify the dissolution of several PAAs/PNaAs. 

The internal standard solutions were placed in a separate internal tube (internal diameter = 1.3 

mm; outer diameter = 2.0 mm) to avoid interaction with the polymer in the main NMR tube 

(internal diameter = 4.2 mm). 

 

RESULTS AND DISCUSSION 

DB of several PAAs/PNaAs was quantified using 13C NMR spectroscopy. The influence of 

dissolution and systematic errors in NMR measurements were investigated in order to improve 

the precision and accuracy of the DB quantification in PAAs and PNaAs. In order to confirm the 

presence of branching and the chemical structure of the PAAs/PNaAs in this study, structure 

elucidation of the polymers was conducted first. 
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13C NMR signal assignment 

1D 13C NMR spectra were recorded for most PAA and PNaA samples. The CH2, CH, and 

carboxylic acid groups of the linear sections of the polymer chains were found to have chemical 

shifts of 32.1 – 43.0, 39.1 – 49.4 and 167.8 – 190.3 ppm, respectively (Figure 1 and Figure S2 to 

S10). The detailed signal assignment of 13C NMR spectra of NMP, MADIX, ATRP and 

conventional PAAs and PNaAs is shown in the supporting information (Figure S2 to S10 and 

Table S1 –S6). The signal between 46.1 and 50.9 ppm was assigned to the Cq which indicates the 

presence of branching in all PAAs/PNaAs (except the Linear). This signal was further confirmed 

using 13C DEPT-135 NMR spectroscopy (Figure 1c). DEPT experiments were performed on 

most PAA/PNaA samples in order to confirm some signals with carbon-containing functional 

groups. 
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Figure 1. Solution-state 13C NMR spectra (75.48 MHz) of MADIX-AA-4 in dioxane-d8: a) full 

quantitative spectrum with insert showing the region of the Cq signal of the branching point 

(signal V), b) 0 to 80 ppm region of quantitative 13C NMR spectrum and c) 0 to 80 ppm region of 
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DEPT-135 spectrum. See Figure S12, S13a, S14b and S14c for the chemical structure and Table 

S3 for the signal assignment. 

 

Determination of the average degree of branching (DB) in PAA/PNaA via 13C NMR 

spectroscopy 

DB is the percentage of monomer units that are branched. It can be calculated using Equation 

130: 

𝐷𝐵(%) =  
𝐼(Cq) ∙100

𝐼(Cq)+
𝐼(CH+CH2)

2

 (1) 

where I(Cq) is the integral of the Cq signal at the branching point and I(CH+CH2) is the integral 

of the signals of the CH and CH2 backbone present in all monomer units. The NMR conditions 

for the DB quantification in PAAs and PNaAs are described in Table 2. An alternative 

calculation of the DB was used as shown in Equation 2:  

 𝐷𝐵(%) =  
𝐼(Cq) ∙100

𝐼(C=O)
 (2) 

where I(C=O) is the integral of the signals of all carbonyl groups present in the main chain of 

the polymer (excluding end groups). Both approaches were taken during the DB quantification 

and their results compared for the validation of the values obtained. Equation 1 and 2 were 

modified for spectra that show signals overlapping with the ones present in Equation 1, in 

particular signals from the end group (Equation S3 - S18). All measurements were quantitative 

since the repetition delay was set to allow full relaxation between scans for all signals of interest 

(Figure S1). 
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Assessment of the precision of DB due to limited signal-to-noise ratio 

The limited precision of the determined DB values due to the limited SNR is the signal-to-noise 

ratio of the Cq signal can be expressed through their relative standard deviation RSDSNR
30: 

 𝑅𝑆𝐷SNR(%) =  
238

𝑆𝑁𝑅1.28
  (3) 

Equation 3 requires a SNR value which can be measured on a recorded spectrum or estimated 

for a published spectrum. Its applicability for the assessment of the precision of DB 

quantification for other polymers than the polyolefins it was empirically developed for has been 

discussed by Castignolles et al.30. At higher SNR values, other factors than the limited sensitivity 

of the Cq signal are expected to play a more and more significant role. Thus, RSD from data 

treatment, in particular phasing (RSDphas) has also been investigated and will be discussed in 

more detail below.  

 

Assessment of the precision of DB due to data treatment   

DB of PAA has been quantified. 20, 21, 24, 40 However, the importance in assessing the error 

introduced during data treatment was overlooked. The RSD value calculated from the SNR 

(Equation 3) does not take into account the errors introduced by phasing which is especially 

important when the SNR is poor. In this work, 4 different users phased a set of 5 13C spectra 

(NMP-AA-1, NMP-AA-5, MADIX-AA-6, ATRP-tBA-1 and Conv-AA-1). DB was then 

quantified from these spectra to calculate the RSD from phasing, RSDphas. RSD from phasing and 

RSD from SNR were compared (Figure 2). This relationship between the RSDphas and RSDSNR 

was also investigated for the DA quantification of chitosan samples.35  

Since both RSDs are significant, it is important to take both into account. Assuming the 

correlation between both RSDs is linear (Figure 2), the following empirical equation was used in 

this work to assess the total RSD of the determined DB values: 
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 𝑅𝑆𝐷tot(%) = 𝑅𝑆𝐷SNR + 𝑅𝑆𝐷phas = 𝑅𝑆𝐷SNR + 0.301 ∙ 𝑅𝑆𝐷SNR  +  5.23 (4) 

 𝑅𝑆𝐷tot(%) =
310

𝑆𝑁𝑅1.28 + 5.23 (5) 

Unlike the correlation of errors in the DA quantification35, the coefficient of determination for 

the RSDphas and RSDSNR, r2 was poor (0.465 vs 0.79). It must be noted that the DA quantification 

in chitosan was done with solid-state NMR spectroscopy whilst the DB quantification of 

PAAs/PNaAs were with solution-state NMR spectroscopy. In solid-state NMR spectroscopy, the 

resolution of the spectra and the chemical shifts of the different chitosan samples are very similar 

due to the absence of solvent which can cause a shift in signals.35 This might explain the better 

linear correlation of RSDphas with RSDSNR in the case of the DA quantification. 

 

Figure 2. Comparison of errors originating in the limited SNR and in the data treatment 

(phasing) for the DB quantification of PAAs/PNaAs. The linear fit is shown in red (y = 0.301x + 

5.23, R2 = 0.465), and the diagonal in black. 
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Accuracy of DB: How to assess PAA/PNaA dissolution 

A complete dissolution is achieved when the polymer chains are completely surrounded by 

molecules of solvent. An incomplete dissolution of a sample would result in having only a 

portion of the sample assessed for any solution-state NMR measurement, thus lowering the 

accuracy of the DB quantification. The average DB values obtained by solution- and melt-state 

13C NMR in the case of polyacrylates were not significantly different.30 The incomplete 

dissolution of hydrophobic polyacrylates did not seem to be biased with respect to branching for 

samples that were relatively well soluble (obtained by solution polymerization), but it prevented 

the DB quantification with solution-state NMR in samples that were poorly soluble (obtained by 

emulsion polymerization). Dissolution of starch41 and chitosan35 was assessed using 1H NMR 

spectroscopy. Obtaining a clear solution does not prove that the sample is fully dissolved.41 

Thus, a quantitative assessment is essential in order to portray a reliable verdict on a sample’s 

solubility. The dissolution of PAA and PNaA and its influence on the accuracy of the DB 

quantification had not been investigated to our knowledge. It was assessed based on the principle 

that (1H) solution-state NMR only detects dissolved species.41 The amount of sample dissolved 

can be determined in two ways: through the peak area-to-noise ratio (PNR) of the sample signal 

or through the percentage of sample which dissolved determined by comparison with an internal 

standard.  

The PNR could be used to compare samples in terms of their extent of dissolution, after it is 

normalized with respect to the number of scans and the nominal sample concentration (Equation 

S19). It has the advantage of not requiring an internal standard. The extent of solubility in PAAs 

obtained by conventional radical polymerization were assessed by quantifying the PNR.24 The 

PNR was similar between linear and PAA without chain transfer agent (CTA) suggesting an 

almost complete dissolution with the assumption that Linear PNaA was completely soluble. 
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However poor PNR was observed for PAAs with CTA in comparison to those of Linear 

suggesting a poor solubility for these samples. The lower solubility for these samples may be due 

to the presence of sulphur in the thioester end group for PAAs with CTA. To assess the precision 

of the PNR method for this work, the normalized PNR values were compared for several samples 

in which toluene was present at the same concentration41 (Figure S15). Large variations between 

the normalized PNR values were observed (in different starch suspensions: maize starch: RSD 

(%) = 24 %, n = 8; maize starch + LiBr: RSD (%) = 24 %, n = 6; Hom rice flour: RSD (%) = 11 

%, n = 6; Makfay rice flour: RSD (%) = 7.5 %, n = 3). Therefore this method does not provide a 

precise estimate of the extent of a sample’s dissolution. It was thus decided to use an internal 

standard to assess the extent of dissolution of several PAAs/PNaAs.  

Several criteria must be taken into account in choosing a good internal standard. The internal 

standard must be pure, non-volatile, fully soluble in the solvent of the 1H NMR measurement, 

and stable in the experimental conditions set during measurements in order to achieve a high 

precision of the quantity dissolved.41 Furthermore, there should be at least one region of the 1H 

NMR spectrum in which the internal standard signal does not overlap with any of the signals of 

interest of the polymer, and vice versa, in order to quantify both signals independently.41 Internal 

standards used in this work that fulfill the criteria mentioned above were maleic acid and 

pyridine. Their solutions were placed in a separate internal tube in order to avoid interaction with 

the polymer.  

The extent of dissolution of the sample as a percentage (%diss) was quantified as the ratio of the 

molar concentration of the sample quantity dissolved (Cdiss) to the sample molar concentration 

introduced initially:  

 %diss =  
100×𝐶diss

𝐶nom(1−𝑚𝑐)(1−𝑓eg)(1−𝑓AA)
 (6) 
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where Cnom is the nominal concentration of sample prepared (in g·L-1), mc is the sample’s 

moisture content (expressed as a mass fraction),feg is the mass fraction of end groups in the 

weighed PAA/PNaA sample and fAA is the mass fractions of the acrylic acid (AA).. 

Cdiss can be determined as:  

 𝐶diss =
𝐶St∙𝑀𝑃𝐴𝐴∙𝐼(PAA)∙𝐻St∙𝑉St

𝑀𝑆𝑡∙𝐼(St)∙𝐻PAA∙𝑉PAA
 (7) 

where CSt is the mass concentration of the internal standard, I(PAA) is the integral of the 

backbone signal of PAA/PNaA and I(St) are is the integral of the signal of interest of the internal 

standard. HPAA and HSt are the number of protons corresponding to the signal of interest of 

PAA/PNaA and that of the internal standard, respectively, VPAA and VSt are the volumes of 

PAA/PNaA and of internal standard solutions measured, respectively. Since the internal standard 

is in a smaller NMR tube within the NMR tube containing the PAA/PNaA solution the volumes 

are not the same. MPAA and MSt are the molar mass of the acrylic acid/sodium acrylate monomer 

unit and of the internal standard, respectively.  

 

The ratio of the measured volumes of the PAA/PNaA and standard solutions is equal to the 

ratio of their area (both having the same length): 

 
𝑉St

𝑉PAA
=  

𝜋(𝑖𝑑St/2)2

π(𝑖𝑑PAA/2)2− 𝜋(𝑜𝑑St/2)2 (8) 

where idPAA is the internal diameter of the NMR tube containing the PAA/PNaA solution, and 

idSt and odSt are the internal and outer diameters of the internal tube containing the internal 

standard solution,  respectively. Combining Equations 6 to 8 yields: 

 %diss =  
100×𝐶St∙𝑀𝐴𝐴∙𝐼(PAA)∙𝐻St∙𝜋(𝑖𝑑St/2)2

𝐶nom(1−𝑚𝑐)(1−𝑓eg)(1−𝑓AA)∙𝑀𝑆𝑡∙𝐼(St)∙𝐻PAA∙[π(𝑖𝑑PAA/2)2− 𝜋(𝑜𝑑St/2)2]
 (9) 

the moisture content mc measured by TGA (Figure S21), and the mass fraction of end groups 

feg are listed for all PAAs/PNaAs in Table S8. The molar masses are 72.06 g∙mol-1 for acrylic 
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acid and 94.05 g∙mol-1 for sodium acrylate (MAA), and 116.1 g∙mol-1 and 79.10 g∙mol-1 for the 

internal standards (MSt, maleic acid and pyridine respectively). Representative 1H NMR spectra 

are shown on Figure S19 to S21. For dissolution quantification, the signals of the PAA/PNaA 

backbone (≈ 0.29 – 3.0 ppm, HPAA= 3), and of vinylic hydrogens of the maleic acid (≈ 6.3 ppm, 

HSt= 2) or of γ-CH of the pyridine (≈ 7.8 ppm, HSt =1) were used. The internal standard 

concentrations and the NMR tube diameters are given in the experimental section. 

A AA dimer can form via Michael addition reaction, 2-carboxyethyl acrylate (CA).42 A signal 

corresponding to the 2-carboxyethyl moiety is detected for NMP-AA-3 and MADIX-AA-6. 

However, no o free dimer was detected as minimal to no independent vinylic signals were 

detected (e.g. Figure S-7). The dimer may have copolymerized with AA. When a copolymer of 

the AA dimer and acrylic acid is observed, the expression of  %diss is modified through the 

replacement of MAA with MPAA: 

 %diss =  
100×𝐶St∙𝑀𝑃𝐴𝐴∙𝐼(PAA)∙𝐻St∙𝜋(𝑖𝑑St/2)2

𝐶nom(1−𝑚𝑐)(1−𝑓eg)(1−𝑓AA)∙𝑀𝑆𝑡∙𝐼(St)∙𝐻PAA∙[π(𝑖𝑑PAA/2)2− 𝜋(𝑜𝑑St/2)2]
 (10) 

with MPAA defined as: 

 𝑀𝑃𝐴𝐴 =  𝑀𝐴𝐴 ∙ 𝑓𝐴𝐴 𝑢𝑛𝑖𝑡 +  𝑀𝐶𝐴 ∙ 𝑓𝐶𝐴 𝑢𝑛𝑖𝑡 (11) 

where fAA unit and fCA unit are the molar fractions of the AA and CA units respectively, and MCA is 

the molar mass of the CA unit (144.12 g∙mol-1 and 166.11 g∙mol-1 for CA and sodium CA units, 

respectively). fCA unit can be defined using the integral of the independent signal of the CA unit 

(I(CA), HCA = 2): 

 𝑓CA unit =  
𝐼(CA)/𝐻CA

[𝐼(PAA)−𝐼(CA)]/𝐻PAA
 (12) 
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Accuracy of DB: Assessment of the PAAs/PNaAs dissolution 

The dissolution of PAAs/PNaAs was assessed using 1H solution-state NMR spectroscopy (see 

Figure S16 to S18 for typical 1H NMR spectra). Conditions for the sample dissolution prior to 1H 

NMR spectroscopy are indicated in Table S8. The extent of dissolution (%diss) was determined 

for several PAAs and PNaAs (Figure 3a). To estimate the error on %diss, several 1H NMR data 

sets were phased by 4 different users to determine the RSDphas. No correlation was observed 

between RSDSNR and RSDphas (Figure S19). The error was mostly introduced by RSDphas while 

RSDSNR was negligible. Thus, the error bars for the determined %diss are based on the highest 

RSDphas which was 17.0 %. 
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Figure 3. Extent of dissolution of PAAs and PNaAs: a) comparison of different samples in 

different solvents, dioxane-d8 (blue), D2O with NaOD (orange), D2O (red) and DMSO-d6 

(green), using maleic acid as an internal standard (with the exception of linear PNaA which uses 

pyridine as an internal standard); b) comparison between the initial concentration given in Table 

S7 (blue) and a ten-fold lower concentration (red) using maleic acid as an internal standard; c) 

comparison between pyridine (red) and maleic acid (blue) as an internal standard.  

Most of the PAAs and PNaAs investigated showed an incomplete dissolution with 5.3 to 72 % 

of the sample dissolved. A complete dissolution of the linear PNaA was expected due to the 

linear topology of the PNaA molecules; 111 % of Linear indeed dissolved in D2O, validating our 

approach to quantify %diss. Changing the solvent from D2O to DMSO-d6 for different batches of 

NMP-tBA-1 did not affect the extent of the sample dissolution. In 1,4-dioxane-d8 this sample’s 

solubility was so poor that it did not even look dissolved, and this solvent was thus was not 

investigated further. It was also observed that changing the pD of the PNaA solution by adding 

NaOD did not seem to improve or change the dissolution of NMP-AA-6. No conclusive 

assessment on the effect of pD in NMP-AA-6 can be drawn as these samples were prepared 

independently at different concentrations. A possible reason for the incomplete dissolution of 

NMP-AA-6 in different solvents and at different pDs (as well as the incomplete dissolution of 
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other polymers in this work) is the presence of microgels and/or by clustering in the samples. 

Microgels can be formed by intermolecular chain transfer to polymer (or propagation to terminal 

double bonds) coupled to by termination by combination as shown for n-butyl acrylate.43 Long 

chain branching via intermolecular chain transfer to polymer was confirmed via multiple-

detection SEC in several poly(alkyl acrylates), poly(n-butyl acrylate) via RDRP44, poly(alkyl 

acrylates), poly(n-butyl acrylate) via conventional radical polymerization30, 44 and poly(2-

ethylhexyl acrylate) via pulsed laser polymerization (PLP)45.  Termination by combination has 

been used as a gelation technique and has been observed for methyl, and ethyl acrylates.46 The 

same phenomena could possibly happen in PAAs and PNaAs investigated in this study. The 

incomplete solvation and clustering of PAAs with similar molecular weight in different 

deuterated solvents (D2O, 1,4-dioxane-d8, ethanol-d6 and their mixtures) has been observed by 

Small-Angle Neutron Scattering (SANS) with one of the proposed reasons for the low solvation 

being the presence of hydrophobic end groups.47 The clustering was proposed to be of a gel-like 

or network-like structure when similar clustering was observed in poly(ethylene oxide) 

solutions.48 The determination of the PAA molecular weight for the SANS work may not have 

been accurate due to SEC calibration standards being polystyrenes47, and different samples may 

have had different molecular weights. Thus, both molecular weight and end group may still 

influence PAA’s solvation required for its dissolution. It is however clear that the distinction 

between soluble and insoluble in SANS and NMR does not have to be at the macromolecular 

level: in other words, some macromolecules might have a solvated shell and a non-solvated core. 

One of the implications is that the DB obtained by solution-state NMR may not characterize the 

same part of the sample as the molecular weight distribution of the soluble fraction43, 49 

determined by SEC (Figure 4).  



 23 

 

Figure 4. Schematic representation of the fractions of branched samples detected by SEC and 

solution-state NMR. Non-solvated sample parts, indicated in black, cannot be detected by 

solution-state NMR.  

In the present work, some samples with the same end groups have different extents of 

dissolution, while some samples with different end groups exhibited similar extents of 

dissolution (Figure 3a). Since Linear has a considerably higher fraction dissolved than the 

branched samples, the presence of branching is also likely a factor influencing the solvation and 

clustering of PAA and PNaA. The viscosity of a sample may also influence its solubility: if its 

viscosity plays a role in its dissolution, its solubility will be different at different concentrations. 

For this study, the solubility of some PAAs and PNaAs at two different concentrations was 

determined: the concentrations provided in Table 2 and Table S8 and concentrations ten times 

lower (Figure 3b). A lower %diss was observed for the diluted NMP-AA-5 in comparison to 

NMP-AA-5 at its original concentration. It must be noted that NMP-AA-5 and -6 were diluted 

only with D2O when it should have been D2O with NaOD. As a result, the dilution decreased the 
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pD which in turn made it more difficult to dissolve which explains the decreased %diss for NMP-

AA-5. For NMP-AA--6 in D2O with NaOD, no significant difference in terms of solubility was 

observed between these two concentrations, implying that viscosity, as well as the change in pD 

does not influence the sample’s dissolution. A higher solubility was observed for MADIX-AA-5 

in the diluted sample than the concentrated sample (by a factor of ≈ 5) which suggests an 

influence of viscosity in the dissolution of this particular polymer when 1,4-dioxane-d8 was used 

as a solvent. Thus, the influence of viscosity on DB quantification should be investigated for 

each sample as it varies from sample to sample (and solvent to solvent).   

For some PAAs/PNaAs (NMP-AA-3, NMP-tBA-1 and Linear), a possible overlap between the 

vinylic signal of the maleic acid and the carboxylic acid signal of the polymer was detected. This 

would lead to an overestimate of the standard signal integral, thus to an underestimate of %diss. 

Pyridine was used as an alternative internal standard for the determination of the solubility of a 

few PNaAs and PAAs (Figure 3c). Higher %diss values were indeed observed when pyridine was 

used as an internal standard for Linear and NMP-AA-6, but not for MADIX-AA-5 and -6 for 

which no significant difference was observed. As there was no overlap between the vinylic 

signal of the maleic acid and any of the signals for NMP-AA-6, MADIX-AA-5 and -6, both 

maleic acid and pyridine were suitable internal standards for these samples’ %diss determination. 

A significant difference in the measured %diss of NMP-AA-6 was however observed with 

different internal standards. The dissolution of an incompletely soluble sample may not be 

repeatable. This stresses the importance of determining the sample’s solubility for each 

measurement of a sample’s property in solution. For future investigations, the error of the %diss 

should be determined with pyridine as an internal standard.  

Note that some of the NMR solvents used for the PAAs/PNaAs investigated in this work 

partially evaporated as some samples were prepared several weeks/months prior to their 1H 
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NMR measurement (Figure S20). This evaporation leads to an overestimation of the %diss value. 

This was the case for a measurement of Linear, leading to a %diss of 130 ± 7 % (Figure S20). A 

fresh Linear sample in D2O was thus prepared shortly before the NMR measurements (with both 

maleic acid and pyridine). A value of %diss of about 112 ± 6 % was then observed for Linear 

using pyridine as an internal standard which may be due to the evaporation of the NMR solvent. 

Moreover, the integration of the backbone to identify the %diss may sometimes include other 

overlapping signals (from the end group or impurities) causing further overestimations. Thus, for 

the assessment of the accuracy of DB quantification in several PAA/PNaAs, the solubility 

observed for most samples may sometimes be overestimated and thus actually poorer than 

determined in this work. 

Due to the poor solubility of the samples, the accuracy of the DB quantification in PAA and 

PNaA is biased to the portion of the sample that is dissolved. 

 

DB obtained for several PAAs/PNaAs 

In this work, the DB of several PNaAs and PAAs was quantified (Table 3). There are no 

significant differences between the DB values determined using Equations 1 and 2 (or Equations 

derived from them, see supporting information Equation S3 - S18). There was also no significant 

difference between their precision. In terms of accuracy, as mentioned earlier, full relaxation 

must be achieved between scans in order to ensure quantitative NMR measurements (as done in 

this work as well as in 24). This is important to consider as some previous works on DB 

quantification in PAA failed proving their experimental measurements were quantitative.21, 40 

DB values ranging from 1 to 3.5 % were obtained for most PAAs and PNaAs. It must however 

be acknowledged that only the soluble portion of the sample was quantified. The DB is one of 

the soluble fraction only, which may be different from the DB of the whole sample.  The 
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insoluble fraction may have a higher incidence of long branches than the soluble fraction, or 

even crosslinking; the soluble fraction may have a higher incidence of short branches than the 

insoluble fraction. It is thus impossible to predict whether the average DB of the soluble fraction 

in that specific solvent would underestimate or overestimate the DB of the whole sample. Both 

the absence of significant differences49 between the soluble fraction and the whole sample, and a 

lower DB value for the soluble fraction49 have been observed for hydrophobic polyacrylates. The 

assessment of the solubility of PAAs/PNaAs is therefore an important contribution to the 

assessment of the accuracy of their DB quantification. Note that previous works failed to 

acknowledge the fact that the DB quantified may not represent the whole PAA sample.20, 21, 40The 

determination of kinetic coefficients, such as the backbiting one24, 40, from DB is done on the 

assumption that the full sample is analyzed. Determination of the solubility of these samples will 

allow to determine the accuracy of the backbiting rate coefficients.  
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Table 3. Average DB of several PAAs/PNaAs quantified through the signals from the backbone 

(Equation 1 or one of its derivatives) or the carboxylic acid group (Equation 2 or one of its 

derivatives). NMP-AA-6 displayed a Cq signal below detection limit and thus its DB was not 

quantified. 

Sample  Integration range of 

Cq signal (ppm) 

DB (%) 

backbone 

DB (%)  

COOH 

NMP-AA-1 46.7 - 50.0 3.1 ± 0.2 3.1 ± 0.2 

NMP-AA-3 46.5 - 50.9 3.3 ± 0.2 3.4 ± 0.2 

NMP-AA-5 with 

NaOD 

49.5 – 53.2 2.0 ± 0.6 2.1 ± 0.7 

MADIX-AA-4 46.5 – 49.6 2.4 ± 0.2 2.3 ± 0.1 

MADIX-AA-5 47.0 – 49.5 2.3 ± 0.2 2.3 ± 0.2 

MADIX-AA-6 47.0 – 49.7 3.3 ± 0.2 3.3 ± 0.2 

ATRP-tBA-1a 46.5-50.1 1.6 ± 0.3 1.7 ± 0.3 

ATRP-tBA-2a 46.4-49.3 1.1 ± 0.1 1.1 ± 0.2 

Conv-AA-1 46.3-50.0 2.6 ± 0.2 2.6 ± 0.2 

aDB is an overestimated value because of a possible overlap between GN V and GN 17 (GN17 not taken into 

account in the DB quantification). 

 

 

 

CONCLUSION 

Several parameters that could influence the precision and the accuracy of the DB quantification 

in PAAs/PNaAs were investigated in this work. Most PAAs and PNaAs exhibited incomplete 

dissolution resulting in a determined DB not representative of the whole sample. This is a major 

issue in terms of accuracy of the DB values. Thus, it might be worth considering DB 

quantification in PAAs/PNaAs using swollen-state NMR spectroscopy despite its poor resolution 



 28 

in future investigations. Better solvation of PAA in mixed solvents was observed in comparison 

to individual solvents.47 DB quantification of PAA dissolved in mixed solvents will be 

investigated in the future.  

The error introduced during data treatment was also estimated to assess the precision of DB 

quantification. An empirical equation was derived to take into account the error originating in 

both the limited signal-to-noise ratio and the user-dependent data treatment. 

With the knowledge obtained in this work the precision and accuracy of the DB quantification 

of PAAs/PNaAs can be assessed. With these factors taken into account, PAA/PNaA samples can 

be compared in terms of their average DB. This will shed light on the different levels of 

branching obtained with various polymerization pathways, enabling the intelligent design of the 

polymers for advanced applications. An accurate determination of the average DB is also needed 

if one wants to understand and predict functional properties, such as mechanical or adhesive 

properties. The current values of DB of soluble fractions should be relevant to understand 

properties in solution such as binding (flocculation or drug binding).  
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Polymer synthesis 

The synthesis and SEC conditions were similar to published ones for samples synthesized 

with NMP1, conventional radical polymerization1, MADIX2, and ATRP3, 4. PAAs/PNaAs 

were obtained by NMP from the polymerization of acrylic acid (or t-butyl acrylate) using the 

initiator of choice (provided in Table 1) in dioxane (except for NMP-AA-5 and -6, which 

were synthesized in water) at 90 – 120 °C. PAAs/PNaAs were obtained by conventional 

radical polymerization from acrylic acid, using 2,2'-azobisisobutyronitrile (AIBN) in dioxane 

at 80 °C. PAAs/PNaAs were obtained by MADIX from acrylic acid, using the chosen 

initiator (provided in Table 1) and Rhodixan A1 as chain transfer agent in dioxane at 90 – 

110 °C. PAAs/PNaAs were obtained by ATRP from t-butyl acrylate, using the initiator of 

choice (provided in Table 1) in tetrahydrofuran at 90 °C; the resulting poly(t-butyl acrylate) 

was hydrolyzed using trifluoroacetic acid to yield PAA. A linear PNaA sample was 

purchased from Polymer Standard Service (Mainz, Germany, lot number paa26027).  

 

Estimation of longitudinal relaxation times T1 

In NMR spectroscopy, perturbation of nuclear spins occurs when a radio frequency pulse 

acts on a sample, creating a measurable magnetization but also causing an imbalance of the 

thermal equilibrium.5 The measurable magnetization eventually decreases which leads to the 

re-establishment of thermal equilibrium. This phenomenon is called the longitudinal 

relaxation.5 The resolution and sensitivity of NMR spectra can thus be influenced by 

relaxation rates.5 In particular, relative ratios of individual signals are affected by incomplete 

relaxation.  

NMR procedures were managed with care in order to determine the true relative signal 

integrals. The repetition times between scans are set to at least five times the longitudinal 
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relaxation time (5T1) for all signals of interest to enable their complete recovery between 

scans and ensure that the recorded spectra are quantitative. 

Several one-dimensional inversion-recovery T1 relaxation measurements (1D T1) were 

conducted to determine which parameters would enable full relaxation between scans in order 

for all signals of interest to be quantitative.5 Each 1D T1 has a single delay τ in the “indirect 

dimension”, and corresponding repetition delays of 5 × 1.44 times that value. In 1D T1 tests, 

negative signals are observed for short τ delay values, positive ones for long τ delay values, 

and a zero crossing occurring at T1/1.44.   

For 13C NMR spectra of the PAA samples, the tested T1 values ranged from 1 to 4 s. For 

example, between τ values of 1×1.44 s and 1.2×1.44s, one signal of interest (quaternary 

carbon, Cq, backbone) changed from about zero to positive for NMP-AA-1 (Figure S1). This 

therefore shows that the T1 value for this signal is higher than 1 s and lower than 1.2 s. 

Consequently a 13C NMR spectrum recorded with 5 × 1.2 = 6 s will exhibit a quantitative Cq 

signal. It should be noted that 1.2 s is an overestimate of the T1 for all signals of interest in 

most PAA samples unless indicated otherwise (see Table 2 of main manuscript).  
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Figure S1. Estimation of T1 of NMP-AA-1 using the one-dimensional inversion recovery 

pulse sequence testing for T1values of 1.2 s with 8,248 scans over 15 h and 44 min (black) 

and of 1 s with 10,960 scans over 17 h and 27 min (red). Insert shows the Cq signal from the 

branching point. 

 

Estimate of the error in RSDSNR 

Deriving Equation 3 against SNR results in: 

 
𝑑(𝑅𝑆𝐷SNR)

𝑑𝑆𝑁𝑅
=

238

𝑆𝑁𝑅2.28 (S1) 

 𝑑(𝑅𝑆𝐷SNR) =
238 × 𝑑𝑆𝑁𝑅

𝑆𝑁𝑅2.28  (S2) 

 

 

  



S6 
 

Representative 13C NMR spectra of PAAs and PNaAs 

PAAs/PNaAs obtained by conventional and reversible-deactivation radical polymerization 

were measured using 13C NMR spectroscopy. A DEPT-135 spectrum was recorded to help 

with the signal assignment. In DEPT-135, CH- and CH3 signals are positive whilst CH2 

signals are negative. The quaternary carbon shows no signal which helps confirm the 

suspected Cq branching signal. Selected 13C NMR spectra of PAA/PNaA are shown as 

representative spectra for all samples investigated for this study.CONV-AA-1, NMP-AA-1, -

3, -4, -5 and -6, ATRP-tBA-1 and -2, MADIX-AA-4, -5 and -6 were measured and their 

signals assigned (Table S1 – S7).  
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Figure S2. Solution-state 13C NMR spectra of NMP-AA-1 (75.48 MHz, 1,4-dioxane-d8): a) 

full quantitative spectrum with insert showing the region of the Cq signal of the branching 

point, b) 0 to 80 ppm region of quantitative 13C NMR spectrum and c) DEPT-135 spectrum. 

See Figure S12, S13a, S14a and S14c for the chemical structure and Table S1 for signal 

assignments. 
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Figure S3. Solution-state 13C NMR spectrum of NMP-AA-3 (75.48 MHz, 1,4-dioxane-d8): a) 

full quantitative spectrum with insert showing the region of the Cq signal of the branching 

point and b) 0 to 80 ppm region of quantitative 13C NMR spectrum. See Figure S12, S13b, 

S14a, and S14c for the chemical structure and Table S1 for signal assignment. 
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Figure S4. Solution-state 13C NMR spectra of NMP-AA-5 (75 MHz, D2O): a) full 

quantitative spectrum with insert showing the region of the Cq signal of the branching point, 

b) 0 to 60 ppm region of quantitative 13C NMR spectrum and c) DEPT-135 spectrum. See 

Figure S12, S13b, S14a and S14c for the chemical structure and Table S2 for signal 

assignment 
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Figure S5. Solution-state 13C NMR spectrum of NMP-AA-6 (75.48 MHz, D2O): a) full 

quantitative spectrum with the Cq branching signal below the detection limit and b) 0 to 60 

ppm region of quantitative 13C NMR spectrum. See Figure S12, S13b, S14a and S14c for the 

chemical structure and Table S2 for signal assignment. 
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Figure S6. Solution-state 13C NMR spectra of MADIX-AA-5 (75.48 MHz, 1,4-dioxane-d8): 

a) full quantitative spectrum with insert showing the region of the Cq signal of the branching 

point, b) 0 to 80 ppm region of quantitative 13C NMR spectrum and c) DEPT-135 spectrum. 

See Figure S12, S13a, S14b and S14c for the chemical structure and Table S3 for the signal 

assignment. 
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Figure S7. Solution-state 13C NMR spectra of MADIX-AA-6 (75.48 MHz, 1,4-dioxane-d8): 

a) full quantitative spectrum with insert showing the region of the Cq signal of the branching 

point, b) 0 to 80 ppm region of quantitative 13C NMR spectrum and c) DEPT-135 spectrum. 

See Figure S12, S13a, S14b and S14c for the chemical structure and Table S3 for the signal 

assignment. 
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Figure S8. Solution-state 13C NMR spectrum of ATRP-tBA-1 (75.48 MHz, 1,4-dioxane-d8): a) 

full quantitative spectrum with insert showing the region of the Cq signal of the branching point, 

b) 0 to 80 ppm region of quantitative 13C NMR spectrum and c) full quantitative spectrum of 

trifluoroacetic acid (TFA) in 1,4-dioxane-d8, used to confirm signal VI. See Figure S12, S13c, 

S14c, S14d and S14e for the chemical structure and Table S4 for signal assignment.  
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Figure S9. Solution-state 13C NMR spectra of ATRP-tBA-2 (75.48 MHz, 1,4-dioxane-d8) 

with: a) full quantitative spectrum with insert showing the region of the Cq signal of the 

branching point, b) 0 to 80 ppm region of quantitative 13C NMR spectrum and c) DEPT-135 

spectrum with zoom insert of the DEPT-135 spectrum (black) overlaid with the quantitative 
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13C spectrum (red) from 20 to 50 ppm. See Figure S12, S13d, S14c, and S14e for the 

chemical structure and Table S5 for signal assignment. 

 

Figure S10.Solution-state 13C NMR spectra of CONV-AA-1 (75.48 MHz, 1,4-dioxane-d8):a) 

full quantitative spectrum and b) 0 to 80 ppm region of quantitative 13C NMR spectrum. See 

Figure S12, S13e and S14c for the chemical structure and Table S6 for signal assignment.    
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13C NMR signal assignment  

The full signal assignment for PAAs/PNaAs measured for the quantification of DB via 13C 

NMR spectroscopy is listed in Table S1 to S7 with a comparison of observed (obsd) and 

estimated (estd) chemical shifts. The chemical shifts (δ) were estimated using 

ChemDrawUltra 12.0 software (CambridgeSoft). Estimations for chemical shifts may not be 

entirely accurate for every signal especially for some estimations that did not correspond 

exactly to a signal in the spectra. In this case, these signals were assigned in the same order as 

the prediction. Signals overlapping completely with a backbone signal or a main chain 

carbonyl signal were assigned the same chemical shift range as this main chain signal.  

For DB quantification, the signals of interest are the Cq signal, the backbone signals and the 

main chain carbonyl signals. Overlapping signals of some end group signals with the polymer 

backbone are also accounted for as shown in Equation S1-S16. As some end group signals 

overlap with other signals - either backbone or other signals from the end group - some 

signals could not be conclusively assigned. Although a DEPT-135 spectrum was recorded, 

these signals were not confirmed because the corresponding carbons bear the same numbers 

of hydrogens.  

Presence of synthesis residues like the monomer and acrylic acid (AA) dimers were also 

assigned. Formation of AA dimers, 2-carboxyethyl acrylate, via Michael addition reaction 

have been observed and investigated.6 Signals of AA have similar chemical shift predictions 

to their structural counterpart in the AA dimers. No conclusive assignment can be confirmed 

on whether the signals observed in these predicted regions were AA or the dimers. The 

presence of AA dimers can be confirmed by other signals present in the molecule. Residual 

TFA has been observed for ATRP PAAs in this work. TFA has been used for the hydrolysis 

of t-butyl groups during the ATRP polymerization of PAA.3   
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Figure S11. Chemical structure of a) AA, b) 1,4-dioxane-d8, c) TFA and d) AA dimer 

labelled with the group numbers (GNs) that are used for chemical shift assignment. 

  

Figure S12. Chemical structure of PAAs/PNaA where R = H or R = Na. i represents the 

initiating group (see Figure S13) and E represents the chain-end (see Figure S14). The 

labelled GNs are used for chemical shift assignment.  
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Figure S13.Chemical structure of the initiating groups (i) of a) MONAMS-initiated NMP 

PAA and MADIX PAA, b) BB-initiated NMP PAA/PNaA (where R = H or Na and will be 

indicated accordingly in their signal assignment table), c) hexyl 2-bromoisobutyrate-initiated 

ATRP PAA, d) hexadecyl-2-bromoisobutyrate-initiated ATRP PAA and e) AIBN-initiated 

PAA with labelled GNs that are used for chemical shift assignment.   
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Figure S14. Chemical structure of different chain-ends (E) including the a) SG1 group, b) 

MADIX-agent end group, c) hydrogen, d) double-bond and e) bromine with labelled GNs 

that are used for chemical shift assignment.  
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Table S1. Signal assignment for 13C NMR spectrum of NMP-AA-1 and NMP-AA-3 in 1,4-

dioxane-d8 (see Figure S2 for 13C NMR spectra, see Figure S12, S13a, S14a and S14c for 

definition of GNs, where R=H). OL stands for overlapping, BDL for below detection limit.  

GN Estd δ (ppm) Obsd δ (ppm), NMP-AA-1 Obsd δ (ppm), NMP-AA-3 

1, 11 26.2 32.7 - 39.2 32.6 – 39.1 

2, 9 41.3 39.2 - 46.8 39.1 – 44.2 

3, 6, 10, 13, 

26, 35 

182.9 171.4 -181.9 171.9 – 180.9  

4 26.5 30.0 (OL with 1) 30.0  (OL with 1) 

5 39.1 39.9 (OL with 2) 39.9 

7 45.6 36.1  (OL with 1) 36.0 (OL with 1) 

8  183.7   171.4 -181.9 (OL with 3) 171.9 – 180.9 (OL with 3) 

12 37.3 39.2 - 46.8 (OL with 2) 39.1 – 44.2 (OL with 2) 

14? 36?, 

XIIa 

29.4, 29.6, 

33.8b 

33.6 (OL with 1) 33.6(OL with 1) 

15 85.8 83.5 (OL with 19) 83.2 

16 173.2 173.0  (OL with 3) 172.9 (OL with 3) 

17 26.6 30.8 (OL with 1)  30.7 (also OL with 1) 

18 15.3 BDL 15.4 

19 81.0 83.5 (OL with 15) 80.1 

20 62.2 63.4(OL with IV) 63.1 (OL with IV) 

21 16.3 16.6(OL with 28) 16.6 (OL with 31) 

22 70.4 71.2 (OL with IV) 71.4 (OL with IV) 

23 26.1 28.0 (OL with 1) 28.3 (OL with 1) 

24? 37?a 27.0, 27.4 31.6 (OL with 1) 31.6 (also OL with 1) 

25? 34?a 41.0, 43.5 42.7 (OL with 2) 43.1 (OL with 2) 

27 45.6 37.9 (OL with 1)  37.8 (OL with 1) 

28 16.9 17.5-18.4  (OL with 21) 17.3 – 18.4 (OL with 21) 

29 176.5 175.1 (OL with 3) 175.0 (OL with 3) 

30 52.2 51.7 51.7  

33 25.9 32.7 - 39.2  (OL with 1) 32.6 – 39.1 (OL with 1) 

38?, XIII?a 178.4, 177.3 177.7  (OL with 3) 177.6 

I?, X?a 170.4, 166.5 167.5 168.2 

II?, IX?a 127.5, 128.2 129.6 129.6 

III?, VIII?a 134.1, 131.3 131.3 131.2 

IV 66.5 66.5 66.5 

V 36.0 48.5 48.5 

XI 59.8 60.7 60.7 
aSignals corresponding to two or more estimated δ values contain OL signals. Estimated δ values are 

listed in the same order as respective GNs. These signals cannot be confirmed with one-dimensional 

NMR only and are thus indicated by a question mark. This footnote applies to every table in this 

section.  bConfirmed by 2D NMR.7  
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Table S2. Signal assignment for 13C NMR spectra of NMP-AA-5 and -6 in D2O (see Figure 

S4 and S5 for 13C NMR spectra of the polymers, respectively; see Figure S12, S13b, S14a, 

and S14c for definition of GNs, where R = Na). OL stands for overlapping, BDL for below 

detection limit. 

GN Estd δ (ppm) Obsd δ (ppm), NMP-

AA-5 

Obsd δ (ppm), NMP-

AA-6 

1, 11 29.2 35.2 – 43.0 35.5 – 41.5 

2, 9, 25 44.6 43.0 – 49.4 43.4 – 48.5 

3, 6, 10, 13, 26, 

29, 35 

180.4 181.2 – 190.3 182.5 – 188.0 

4, 24 29.5 38.9 39.5 

5 42.4 46.2 47.6 

7 48.6 39.7 41.2 

8 179.7 181.2 – 190.3 (OL with 

3) 

182.5 – 188.0 (OL with 

3) 

12 40.6 44.5(OL with 2) 45.8 

14?, 36?, XII?a 32.4, 32.6, 33.8 35.4 (OL with 1) 36.6 (OL with 1) 

15 88.8 84.3 (OL with 19) BDL 

16?, 38?, 

VIII?, XIII?a 

176.4, 178.0, 

178.4, 177.3 

181.2 – 190.3 (OL with 

3) 

182.5 – 188.0 (OL with 

3) 

17 26.6 28.7 28.8 

18 15.3 15.3 15.3 

19 81.0 84.3(OL with 15) BDL 

20 62.2 61.9 BDL 

21 16.3 16.5 16.6  

22 70.4 71.5 BDL 

23 26.1 27.5 26.2 

27 51.5 BDL BDL 

28 41.5 43.9 – 44.9 (OL with 2) 43.8 – 45.2 (OL with 2) 

30 41.9 43.9 – 44.9 (OL with 2) 43.8 – 45.2  (OL with 2) 

31 24.9 25.4 25.0  

32 185.1 181.2 – 190.3 (OL with 

3) 

187.7(OL with 3) 

33 28.9 35.2 – 43.0 (OL with 1) 35.5 – 41.5 (OL with 1) 

34 46.8 43.0 – 49.4 (OL with 2) 43.4 – 48.5 (OL with 2) 

37 36.3 35.2 – 43.0 (OL with 1) 35.5 – 41.5 (OL with 1) 

I? X?a 170.4 176.4 176.4 

II? IX?a 127.5 135.2c 135.0 

III, VIII?a 134.1 127.1c 127.1 

V 39.6 52.6 BDL 

XI 59.8 60.0 BDL 
 aSee footnote a of Table S1. bConfirmed by 2D NMR. cDEPT-135 spectrum exhibits a positive 

signal at 135.2  ppm corresponding to a CH or CH3 group and a negative signal at 127.1 ppm 

corresponding to a CH2 signal.  
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Table S3. Signal assignment for 13C NMR spectra of MADIX-AA-4, -5 and -6 in 1,4-

dioxane-d8 (see Figure 1, S6 and S7 for 13C NMR spectra, respectively; see Figure S12, S13a, 

S14b and S14c for definition of GNs, where R = H). OL stands for overlapping. 

GN Estd δ (ppm) Obsd δ (ppm), 

MADIX-AA-4 

Obsd δ (ppm), 

MADIX-AA-5 

Obsd δ (ppm), 

MADIX-AA-6 

1 26.2 32.5 – 39.5 32.3 – 39.2 32.3 – 39.3 

2, 9 41.3 39.5 – 46.8 39.2 – 46.6 39.3 – 46.6 

3, 6, 10, 13, 

26, 35 

182.9 167.8 – 183.9 167.4 – 182.3 169.9 – 182.0 

4 26.5 28.9 (OL with 1) 29.0 (OL with 1) 29.0 (OL with 1) 

5 39.1 40.0 (OL with 2) 39.9 (OL with 2) 40.0 (OL with 2) 

7 45.6 36.1 (OL with 1) 36.0 (OL with 1) 36.0 (OL with 1) 

8 183.7 167.8 – 183.9 (OL 

with 3) 

167.4 – 182.3 (OL 

with 3) 

169.9 – 182.0 (OL 

with 3) 

11, 33 25.9 32.5 – 39.5 (OL with 

1) 

32.3 – 39.2 (OL with 

1) 

32.3 – 39.3 (OL with 

1) 

12 39.9 39.5 – 46.8  

(OL with 2) 

39.2 – 46.6 

(OL with 2) 

39.3 – 46.6 

(OL with 2) 

14? 36, XII?a  30.8, 29.6, 

33.8 

33.5 (OL with 1)b 33.6 (OL with 1)b 33.6 (OL with 1)b 

15 47.0 39.5 – 46.8 (OL with 

2) 

39.2 – 46.6 

(OL with 2) 

 (OL with 2) 

39.3 – 46.6? 

16 173.3 171.8 (OL with 3) 171.6 (OL with 3) 171.8 (OL with 3) 

17 215.3 212.4 212.0 212.3 

18 70.0 71.1 (OL with IV) 70.5 (OL with IV) 71.2 (OL with IV) 

19 14.0 13.7 13.7 13.7 

24 27.0 29.9 (OL with 1) 29.9 (OL with 1) 29.9 (OL with 1) 

25 41.0  39.5 – 46.8  

(OL with 2) 

39.2 – 46.6 

(OL with 2)  

39.3 – 46.6 

(OL with 2) 

27 35.9 37.8 (OL with 2) 37.9 (OL with 2) 37.9 (OL with 2) 

28 16.9 18.6 17.1 15.4 

29 176.5 174.8(OL with 3) 172.8 (OL with 3) 172.9 (OL with 3) 

30 52.2 51.6 51.6 51.6 

34 43.5 39.5 – 46.8 (OL with 

2) 

39.2 – 46.6 (OL with 

2) 

39.3 – 46.6 (OL with 

2) 

37 27.4 31.6 (OL with 1) 31.5 (OL with 1) 31.6 (OL with 1) 

38?, XIII?a 178.4, 177.3 175.0 (OL with 3) b 174.9 (OL with 3) b 174.9 (OL with 3) b 

39b c 57.7 - - 

40b c 60.6 60.7 - 

I?, X?a 170.4, 166.5 - - 168.2 (OL with 3) 

II? IX?a 127.5, 128.2 - - 129.5 

III?, VIII?a 134.1, 131.3 - - 131.1 

IV 66.5 66.5 66.5 66.5 

V 36.0 48.5 48.5 48.5 

XI 59.8 - - 60.7 
aSee footnote a of Table S1.bSignals XII and XIII were not present in MADIX-AA-4 and -5. OL signals only 

applied for MADIX-AA-6. cSignal not assigned due to no corresponding signals in the estimated δ values 
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Table S4. Signal assignment for 13C NMR spectrum of ATRP-tBA-1 in 1,4-dioxane-d8 (see 

Figure S8 for 13C NMR spectrum, see Figure S12, S13c, S14c, and S14e for definition of 

GNs), where R = H). OL stands for overlapping, BDL for below detection limit. S14d is a 

suspected chain-end but was not confirmed as these signals either overlap or are BDL and are 

thus not uniquely identified. 

GN Estd δ (ppm) Obsd δ (ppm), ATRP-tBA-1 

1 26.2 32.9 – 39.2 

2, 9, 12 41.3 39.2 – 46.5 

3, 6, 10, 13, 16, 

28, 35 

182.9 173.3 – 180.4 

4, 11 26.5 29.9 (OL with 1) 

5 39.1 39.2 – 46.5 (OL with 2) 

7 45.6 36.1 (OL with 1) 

8 183.7 173.3 – 180.4 (OL with 3) 

14? 50.3 39.2 – 46.5 (OL with 2) 

15? 38.5 39.2 – 46.5 (OL with 2) 

17 39.4 39.2 – 46.5 (OL with 2) 

18, 22, 26 25.2 24.2 – 27.3 (OL with 1) 

20 65.8 65.0 (OL with IV) 

21 28.9 27.8 – 28.6 (OL with 42) 

23 31.5 29.0 (OL with 1) 

24 22.7 23.1(OL with 1) 

25 14.1 14.2 

27 39.7 39.2 – 46.5 (OL with 2) 

29 33.1  32.0 (OL with 1) 

30?, 34?a 43.7, 43.5 39.2 – 46.5 (OL with 2)  

19?, 31?, 38?a 175.9b, 178.4 173.3 – 180.4 (OL with 3) 

33 25.9 32.9 – 39.2 (OL with 1) 

36 29.6 32.9 – 39.2 (OL with 1) 

37 27.4 32.9 – 39.2 (OL with 1) 

IV 66.5 66.5 

V 36.0 48.5 

VI 161.4 159.2 

VII 116.2 BDL 
aSee footnote a of Table S1.bSame estimated δ values for GNs 19 and 31. 
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Table S5. Signal assignment for 13C NMR spectrum of ATRP-tBA-2 in 1,4-dioxane-d8 (see 

Figure S9 for 13C NMR spectra, see Figure S12, S13d, S14c, S14d, and S14e for definition of 

GNs, where R = H). OL stands for overlapping, BDL for below detection limit. S14d is a 

suspected chain-end but was not confirmed as these signals either overlap or are BDL and are 

thus not uniquely identified. 

GN Estd δ (ppm) Obsd δ (ppm), ATRP-tBA-2 

1 26.2 33.0 – 39.3 

2, 9, 12  41.3 39.3 – 46.5 

3, 6, 10, 13, 16, 28, 35 182.9 172.4 – 181.7 

4, 11 26.5 29.4 – 31.0 (OL with 23 and 25) 

5 39.1 40.2 (OL with 2) 

7 45.6 36.1 (OL with 1) 

8 183.7 172.4 – 181.7(OL with 3) 

14? 50.3 39.3 – 46.5 (OL with 2) 

15? 38.5 39.3 – 46.5 (OL with 2) 

17 39.4 39.3 – 46.5 (OL with 2) 

18, 26 25.2 24.5 – 27.0 (OL with 22) 

19?, 31?, 38?a 175.9b, 178.4 173.8 - 175.3 (OL with 3) 

20 65.8 64.9 (OL with IV) 

21 28.9 27.6 – 29.4 (OL with 42) 

22 25.8 24.5 – 27.0 (OL with 18, 26) 

23, 25 29.3 29.4 – 31.0 (OL with 4 and 11)  

24, 36 29.6 33.0 – 39.3 (OL with 1) 

26 25.2 24.5 – 27.0 (OL with 1) 

27 39.7 39.3 – 46.5 (OL with 2) 

29 33.1 32.5 (OL with 1) 

30?, 34?a 43.7, 43.5 39.3 – 46.5 (OL with 2) 

33 25.9 33.0 – 39.3 (OL with 1) 

37 27.4 33.0 – 39.3 (OL with 1) 

49 31.9 31.4 (OL with 1) 

50 22.7 23.2 (OL with 1) 

51 14.1 14.3 

52c -c 80.0 – 82.6 

IV 66.5 66.5 

V 36.0 46.5 – 49.3 

VI? 161.4 157.3 – 162.9 

VII? 116.2 112.5 – 115.9 
aSee footnote a of Table S1. bSame estimated δ values for GNs 19 and 31. cSignal not 

assigned due to no corresponding signals in the estimated δ values. 
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Table S6. Signal assignment for 13C NMR spectrum of CONV-AA-1 in 1,4-dioxane-d8 (see 

Figure S10 for 13C NMR spectrum, see Figure S12, S13e, and S14c for definition of GNs, 

where R = H). OL stands for overlapping. 

GN Estd δ (ppm) Obsd δ (ppm), CONV-AA-1 

1 26.2 32.6 – 39.1 

2, 9, 12 41.3 39.1 – 46.8 

3, 6, 10, 13, 16, 35 182.9 172.4 – 181.75 

4 26.5 29.9 (OL with 1) 

5 39.1 39.9 (OL with 2) 

7 45.6 36.1  (OL with 1) 

8 183.7 172.4 – 181.75(OL with 3) 

11 26.0 32.6 – 39.1 (OL with 1) 

14 37.8 32.3  (OL with 1) 

15 38.0 37.6 (OL with 2) 

17 22.7 24.9 (OL with 1) 

18 25.4  32.6 – 39.1 (OL with 1) 

19 120.2 119.8 

33 25.9 32.6 – 39.1 (OL with 1) 

34 43.5 44.8 (OL with 2) 

36?, XII?a 29.6, 33.8b 32.6 – 39.1 (OL with 1) 

37 27.4 31.6  (OL with 1) 

38?, XIII?a 178.4c 175.1(OL with 3) 

I?, X?a 170.4, 166.5  167.5 

II?, IX?a 127.5, 128.2 129.6 

III?, VIII?a 134.1, 131.2 131.2 

IV 66.5 66.5 

V 36.0 48.5 

XI 59.8 60.6 
aSee footnote a of Table S1. 

  



S26 
 

Quantitative measurement of PAA/PNaAs samples.  

For this study, most PAA/PNaA for which DB was quantified have signals overlapping 

with the backbone signals, which needs to be accounted for. Equation 1 and 2 have thus been 

modified to equations S3 to S18. Different signals are referred to by their corresponding GNs. 

The slightly different chemical shifts of the signals of the backbone in the polymer were 

simplified to be GN1 for CH2, GN2 for CH and GN3 for C=O for all the corresponding 

signals of the backbone for the equation unless specified otherwise. Note that sometimes GN 

15 is not integrated together with the other backbone signals as its chemical shift is too 

different. Table S7 indicates which equations were used to quantify DB in each sample.  

𝐷𝐵 (%) =

𝐼(Cq,GNV)×2×100

𝐼(𝐶q,GNV )+𝐼(Cq,GNV+CH2,GN1+CH GN2−CH GN15+ CH3,GN17,GN23+CH2,GNXII)−5𝐼(CH3,GN30)−𝐼(CH2,GNXI)
(S3) 

𝐷𝐵 (%) =
𝐼(Cq,GNV)×100

𝐼(C=OGN3+C=OGN29+C=OGNXIII)−𝐼(CH3,GN30)−𝐼(CH2,GNXI) 
   (S4) 

  

𝐷𝐵 (%) =
𝐼(Cq,GNV)×2×100

𝐼(Cq,GNV)+𝐼(Cq,GNV+CH2,GN1+CHGN2−CH GN15+CGN30+CH2,GNXII)−𝐼(CH2,GNXI)
 (S5) 

𝐷𝐵 (%) =
𝐼(Cq,GNV)×100

𝐼(C=OGN3+C=OGN32+C=OGNVIII+C=OGNXIII)−𝐼(CGN18)−2𝐼(CH2,GNXI) 
 (S6) 

𝐷𝐵 (%) =
𝐼(Cq,GNV)×2×100

𝐼(Cq,GNV)+𝐼(Cq,GNV+CH2,GN1+CHGN2+CGN27)−𝐼(CH3,GN28)
 (S7) 

𝐷𝐵 (%) =
𝐼(Cq,GNV)×100

𝐼(C=OGN3+C=OGN29)−𝐼(CH3,GN28)
 (S8) 

𝐷𝐵 (%) =
𝐼(Cq,GNV)×2×100

𝐼(Cq,GNV)+𝐼(Cq,GNV+CH2,GN1+CHGN2+CGN27)−𝐼(CH3,GN19)
 (S9) 

𝐷𝐵 (%) =
𝐼(Cq,GNV)×100

𝐼(C=OGN3+C=OGN29)−𝐼(CH3,GN19)
 (S10) 

𝐷𝐵 (%) =
𝐼(Cq,GNV)×2×100

𝐼(Cq,GNV)+𝐼(Cq,GNV+CH2,GN1+CHGN2+CGN27+CH2,GNXII)−𝐼(CH3,GN19) −𝐼(CH2,GNXI) 
 (S11) 
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𝐷𝐵 (%) =
𝐼(Cq,GNV)×100

𝐼(C=OGN3+C=OGN29+CH2,GNXIII)−𝐼(CH3,GN19)−𝐼(CH2,GNXI)
 (S12) 

𝐷𝐵(%) =
𝐼(Cq,GNV)×2×100

𝐼(Cq,GNV)+𝐼(Cq,GNV+CH2,GN1+CHGN2+CH2,GN17,GN21−24+CH3,GN18)−7𝐼(CH3,GN25)
 (S13) 

𝐷𝐵 (%) =
𝐼(Cq,GNV)×100

𝐼(C=OGN3+C=OGN19)−𝐼(CH3,GN25)
 (S14) 

𝐷𝐵(%) =
𝐼(Cq,GNV)×2×100

𝐼(Cq,GNV)+𝐼(Cq,GNV+CH2,GN1+CHGN2+CH2,GN17−18,GN21−25,GN49−50)−17𝐼(CH3,GN51)
 (S15) 

𝐷𝐵 (%) =
𝐼(Cq,GNV)×100

𝐼(C=OGN3+C=OGN19)−𝐼(CH3,GN51)
 (S16) 

𝐷𝐵 (%) =
𝐼(Cq,GNV)×2×100

𝐼(Cq,GNV)+𝐼(Cq,GNV+CH2,GN1+CHGN2+CGN17+CH3,GN18+CH2,GNXII)−3(𝐶𝑁GN19)−𝐼(CH2,GNXI)
 (S17) 

𝐷𝐵 (%) =
𝐼(Cq,GNV)×100

𝐼(C=OGN3+C=OGNXIII)−𝐼(CH2,GNXI) 
   (S18) 

 

Table S7. Equations used for DB quantification of PAAs and PNaAs 

Sample Equations 

NMP-AA-1 and -3 S3a, S4 

NMP-AA-5 S5a,S6a 

MADIX-AA-4 S7b, S8b 

MADIX-AA-5 S9a, b, S10a, b 

MADIX-AA-6 S11a, S12a 

ATRP-tBA-1 S13, S14 

ATRP-tBA-2 S15, S16 

Conv-AA-1 S17, S18 

aCalculation was based on the assumption of 100 % livingness. bEquations S7 and S9, as well 

as Equations S6 and S8 can be used interchangeably for their respective samples; however, 

the assigned equation was preferred due to stronger signals present for that specific equation. 
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Peak area-to-noise ratio (PNR) and its precision 

The normalized PNR of toluene was determined to assess the precision of this method to 

estimate the extent of dissolution. The samples were known to contain toluene at the same 

concentration, as toluene was used as an internal standard to assess starch dissolution.8 

Toluene is known to be fully miscible in the solvent used, DMSO. The PNR values were 

normalized with respect to the concentration ([toluene]) used and to the square root of the 

number of scans (NS):  

 𝑃𝑁𝑅norm =  
𝑃𝑁𝑅 ×√𝑁𝑆

[toluene]
 (S19) 

 

 

Figure S15. Comparison of the normalized PNR values obtained for toluene present as an 

internal standard in different starch solutions.8 The graph labels are starch sample names. 

Each sample was prepared once and measured at least 4 times (as shown by adjacent bars on 

the graph). 
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1H NMR for dissolution studies 

Quantitative 1H NMR spectra of PAAs/PNaAs were measured to investigate the dissolution 

of some PAAs/PNaAs (Table S9). Several representative, quantitative 1H NMR spectra are 

shown in Figure S16 to S18. 

Table S8. Dissolution conditions of PAAs/PNaAs samples for 1H NMR spectroscopy, as 

well as moisture content mc, mass fraction of end groups and acrylic acid,  feg and fAA 

respectively used in the determination of the extent of their dissolution. To investigate the 

effect of viscosity on the solubility of these samples, these samples were also diluted by a 

factor of 10. 

Sample Solvent  Cnom (g·L-

1) 

mc (%) feg  fAA 

NMP-AA-3 1,4-dioxane-d8 150 6.87 0.00252 ˂LOD 

NMP-AA-5  D2O 149 13.08 0.00361 0.294 

NMP-AA-6  D2O 100 22.13 0.00181 0.312 

NMP-AA-6a D2O / NaODb 74.9 22.13 0.00181 0.279 

NMP-tBA-1 D2O 125 5.09 0.00245 0.00685 

NMP-tBA-1 DMSO-d6 69.9 5.09 0.00245 0.00629 

MADIX-AA-5a 1,4-dioxane-d8 200 6.32 0.04687 ˂LOD 

Linear  D2O 100 20.44 0.000 ˂LOD 

aDissolved at 60 °C and 300 rpm for 1 h. 
bNaOD is 1 mol equivalent to acrylic acid units 
c˂LOD = Below the limit of detection 
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Figure S16. 1H NMR spectra of NMP-AA-6 with a) maleic acid and b) pyridine as internal 

standard. The chemical structure of each internal standard is shown on the corresponding 

spectrum. Signals at ≈ 3.5 and 4.3 ppm correspond to solvent signal of 1,4-dioxane-d8 and 

D2O respectively. 

 

 



S31 
 

 

Figure S17. 1H NMR spectra of MADIX-AA-5 with a) maleic acid and b) pyridine as 

internal standard. Signals at ≈ 3.5 and 4.3 ppm correspond to solvent signal of 1,4-dioxane-d8 

and D2O respectively. The 2-carboxy ethyl acrylate labels identify signals of the 2-carboxy 

ethyl acrylate monomer unit incorporated in the polymer. 
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Figure S18. 1H NMR spectra of Linear with a) maleic acid and b) pyridine as internal 

standard. Signals at ≈ 3.5 and 4.3 ppm correspond to solvent signal of 1,4-dioxane-d8 and 

D2O respectively. 
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Assessment of the precision of %diss due to data treatment  

 

Figure S19. Comparison of errors originating in the limited SNR and in the data treatment 

(phasing) for the %diss of PAAs/PNaAs (1H NMR experiments). The linear fit is shown in red 

(y = 5.01x + 4.46, R2 = 0.0171), the diagonal in black. 
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Dissolution of PAAs/PNaAs 

 

Figure S20. Dissolution of several PAAs and PNaAs in different solvents including 1,4-

dioxane-d8 (blue), D2O with NaOD (orange), D2O (red) and DMSO-d6 (green) using maleic 

acid as an internal standard. Some %dissolved values are overestimated due to sample 

evaporation. 

TGA of PAAs/PNaAs 

 

Figure S21. TGA thermogram of NMP-AA-3 (black), NMP-AA-5 (red), NMP-AA-6 (cyan), 

NMP-tBA-1 (pink), MADIX-AA-5 (olive) and the temperature (blue) over time. 
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