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ABSTRACT  21 

Oligo(acrylic acid), oligoAA are important species currently used industrially in the 22 

stabilization of paints and also for the production of self-assembled polymer structures which 23 

have been shown to have useful applications in analytical separation methods and potentially 24 

in drug delivery systems. To properly tailor the synthesis of oligoAA, and its block co-25 

oligomers synthesized by Reversible-Addition Fragmentation chain Transfer (RAFT) 26 

polymerization to applications, detailed knowledge about the chemical structure is needed. 27 

Commonly used techniques such as Size Exclusion Chromatography (SEC) and Electrospray 28 

Ionization-Mass Spectrometry (ESI-MS) suffer from poor resolution and non-quantitative 29 

distributions respectively. In this work free solution Capillary Electrophoresis (CE) has been 30 

thoroughly investigated as an alternative, allowing for the separation of oligoAA by molar 31 

mass and the RAFT agent end group. The method was then extended to block co-oligomers 32 

of acrylic acid and styrene. Peak capacities up to 426 were observed for these 1D CE 33 

separations, 10 times greater than what has been achieved for Liquid Chromatography (LC) 34 

of oligostyrenes. To provide a comprehensive insight into the chemical structure of these 35 

materials 1H and 13C Nuclear Magnetic Resonance (NMR) spectroscopy was used to provide 36 

an accurate average chain and reveal the presence of branching. The chain length at which 37 

branching is detected was investigated with the results showing a degree of branching of 1 % 38 

of the monomer unit in oligoAA with an average chain length of 9 monomer units, which was 39 

the shortest chain length at which branching could be detected. This branching is suspected to 40 

be a result of both intermolecular and intramolecular transfer reactions. The combination of 41 

free solution CE and NMR spectroscopy is shown to provide a near complete elucidation of 42 

the chemical structure of oligoAA including the average chain length and branching as well 43 
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as the chain length and RAFT agent end group distribution. Furthermore, the purity in terms 44 

of the dead chains and unreacted RAFT agent was quantified. The use of free solution CE 45 

and 1H NMR spectroscopy demonstrated in this work can be routinely applied to 46 

oligoelectrolytes and their block co-oligomers to provide an accurate characterization which 47 

allows for better design of the materials produced from these oligomers. 48 

KEYWORDS. Oligomer, poly(acrylic acid), capillary electrophoresis, quantitative NMR 49 

spectroscopy, end group, degree of branching 50 

 51 
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 53 

HIGHLIGHTS: 54 

-Quantification of the degree of branching in oligomers 55 

-9 monomer units is the shortest chain length where branching was detected 56 

-Separation of oligo(acrylic acid) and its block co-oligomers according to chain length, end 57 

group and composition by free solution capillary electrophoresis 58 

 59 

1. INTRODUCTION 60 

Oligoelectrolytes have had growing interest in recent times with applications in controlled 61 

crystallization [1] and fuel cell membranes [2] amongst others. In particular oligomers of 62 

acrylic acid (oligoAA) are commonly used to synthesize amphiphilic block copolymers with 63 

a larger hydrophobic block. These block copolymers are currently used to produce latex 64 
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nanoparticles, [3, 4] anisotropic nanoparticles [5] and surfactants [6], e.g. to encapsulate 65 

graphene oxide [7]. Block co-oligomers are block copolymers which contain short blocks, 66 

typically with an average block length less than 10 monomer units long. Block co-oligomers 67 

of oligoAA with styrene (Sty) or n-butyl acrylate synthesized by Reversible-Addition 68 

Fragmentation chain Transfer (RAFT) polymerization [8] are currently used in industry as 69 

pigment dispersants in paints [9, 10]. To properly design these block co-oligomers for these 70 

applications careful attention to their chemical structure is required.  71 

 72 

The chemical structure of oligoelectrolytes and their block co-oligomers vary in the 73 

distribution of their block lengths, compositions and end groups. Size Exclusion 74 

Chromatography (SEC) is commonly used to characterize oligomers although the separation 75 

by hydrodynamic volume yields little to no information in terms of the composition and end 76 

group distribution [11]. SEC of oligomers also suffers from poor resolution in terms of molar 77 

mass due to the band broadening and the hydrodynamic volume being influenced by the end 78 

group, composition and branching in addition to the molar mass [12]. Electrospray 79 

Ionization-Mass Spectrometry (ESI-MS) can separate all chemical structures with different 80 

molar masses, enabling the identification of most chemical structures present in an oligomer 81 

sample [13, 14]. However, obtaining quantitative information from ESI-MS is difficult since 82 

there is a bias in the ionization resulting in an underestimation of the average chain length 83 

[15-17]. ESI-MS (direct infusion) was shown to underestimate the amount of control (RAFT) 84 

agent by a factor of 25 [18]. 1H Nuclear Magnetic Resonance (NMR) spectroscopy is 85 

commonly used to determine the average chain length and composition, however, obtaining a 86 

signal to accurately represent the end groups of the oligomer chains is difficult since there are 87 

multiple end groups in the sample and their signals tend to overlap with other signals [11]. 88 

Liquid chromatography in the critical conditions, coupled with electrospray tandem mass 89 
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spectrometry (LCCC-MS/MS) has been used to assess the end groups of poly(ethylene oxide-90 

b-Sty) block co-oligomers [19]. The critical conditions refer to separation independent from a 91 

polymeric sample’s molar mass and have been sought without success for oligoAA based co-92 

oligomers [20]. This is likely due to the difficulty in obtaining a purely size-exclusion 93 

separation mechanism and thus balancing the adsorption and exclusion of the oligomers is 94 

not possible. However, it is also important to note that these methods are unable to detect if 95 

there is any branching present in the oligomers. The potential for branching in oligomers is 96 

typically not acknowledged due to short chain length. Branching has been detected in 97 

poly(acrylic acid), PAA, obtained by radical polymerization using 13C NMR spectroscopy as 98 

the quaternary carbon at the branching point has a distinct chemical shift at ~48 ppm [21-25]. 99 

Additionally, branching has been detected in polymers of hydrophobic acrylates synthesized 100 

using conventional or reversible-deactivation radical polymerization by 13C NMR 101 

spectroscopy [26-29]. This contrasts with poly(methacrylic acid) which did not present any 102 

branching due to the absence of a hydrogen in the alpha position relative to the carbonyl 103 

group[30, 31]. The precision and accuracy of the quantification of the Degree of Branching 104 

(DB) in PAA has been recently assessed [32]. The presence of this branching is unintentional 105 

and due to transfer to polymer reactions. Branching is independent of a polymer sample’s 106 

molar mass when the main source of branching is from intramolecular transfer to polymer 107 

(followed by propagation) [33-35]. Therefore, branching is potentially present in oligoAA 108 

which would influence the properties of their materials, such as the phase behavior, although 109 

branching is commonly assumed to be absent from oligoAA in the literature [36].  110 

 111 

Free solution Capillary Electrophoresis (CE) is an alternative characterization technique for 112 

oligoelectrolytes since it separates molecules by their charge to friction ratio in an electrolyte 113 

solution. Free solution CE offers fast analysis of charged molecules with a low running cost, 114 
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typically less than chromatography methods used for the same analysis [37]. The use of free 115 

solution CE to characterize materials is increasing[38-40] with it being recently used to 116 

characterize biopolymers such as gellan gum[41] and chitosan[42, 43] as well as synthetic 117 

branched poly(acrylic acid)[21, 25], block copolymers,[44-46] nanoparticles[47] and 118 

nanodiamond[48]. It was previously demonstrated that free solution CE can separate oligoAA 119 

according to the chain length, end group and even tacticity [18, 49]. Although free solution 120 

CE has demonstrated superior resolution to SEC in terms of molar mass it is not commonly 121 

used to characterize oligoelectrolytes. Free solution CE has been shown to separate 122 

oligoelectrolytes, other than those of acrylic acid, such as oligo(sodium methacrylate)[18], 123 

oligonucleotides[50], oligo(styrene sulfonate)[51], gellan gum[41], oligo(acrylamido-N-124 

propyltrimethylammonium chloride)[44], and aluminum chlorohydrateoligocations[52] 125 

according to their chain length. Thus there is great potential for free solution CE to become a 126 

common characterization method for oligoelectrolytes.  127 

 128 

Herein we present a comprehensive characterization of oligoAA and their corresponding 129 

block co-oligomers, oligo(AA-b-Sty), using free solution CE and NMR spectroscopy. The 130 

separation conditions for oligoAA by SEC and free solution CE were examined to find the 131 

optimal method, with the free solution CE conditions also being assessed on the separation of 132 

oligo(AA-b-Sty). Furthermore the presence of branching in oligoAA was examined by 13C 133 

NMR spectroscopy to estimate the shortest average chain length at which branching can be 134 

detected in poly(acrylic acid).  135 

 136 

2. EXPERIMENTAL SECTION 137 

2.1. MATERIALS 138 
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Milli-Q water was used in the synthesis and characterization. Acrylic acid (AA, Merck, ≥99 139 

%) was purified by distillation under reduced pressure. Styrene (Sty, Sigma Aldrich, 99 %) 140 

was purified through an alumina column prior to use. The RAFT agent, 2-[[(butylsulfanyl)- 141 

carbonothioyl]sulfanyl] propanoic acid (PABTC), was synthesized as described 142 

previously.[36] HPLC grade acetone was obtained from Burdick & Jackson. 4,4-azobis(4-143 

cyanopentanoic acid) (V-501, AR purity), 1,4-dioxane (ACS reagent, ≥99 %), 144 

tetramethylsilane (TMS, 99 %), sodium hydroxide (>98 %), lithium hydroxide monohydrate 145 

(AR purity), methanol (HPLC grade), ethanol (HPLC grade) and dimethyl sulfoxide (DMSO, 146 

>99 %) were purchased from Sigma Aldrich. Boric acid (≥98 %,) was obtained from BDH 147 

AnalaR, Merck Pty Ltd. Potassium hydroxide (85 %) was purchased from Chem-Supply. 148 

Sodium acetate (AR purity) and ammonium hydroxide (28-30 % aq.) were obtained from 149 

Ajax. Fused-silica capillaries (50 µm i.d., 360 µm o.d.) were obtained from Polymicro 150 

(Phoenix, AZ, USA). All deuterated solvents including 1,4-dioxane-d8 (99 % D), deuterium 151 

oxide, (D2O, 99.9 % D), 40 % sodium deuteroxide in D2O (99.5 % D), tetrahydrofuran-d8 152 

(THF-d8, 99.5 % D) and DMSO-d6 (99.9 % D) were sourced from Cambridge Isotope 153 

Laboratories, Inc.  154 

 155 

2.2. SYNTHESIS 156 

OligoAA samples were synthesized as described previously.[18] The first block of oligoAA 157 

(targeting 5 units of AA) was synthesized by adding 0.33 g (1.39 × 10-3 mol) of PABTC 158 

RAFT agent, 0.50 g (6.96 × 10-3 mol) of acrylic acid, 0.04 g (1.39 × 10-4 mol) of V-501 and 5 159 

mL of dioxane to a round bottom flask. After purging the mixture with argon for 10 min, the 160 

mixture was left for 2 h at 60 °C under an argon atmosphere while stirring. After this time the 161 

reaction was stopped and the flask removed from the oil bath. Styrene was then added to 162 

create the second block, when 1 styrene unit was targeted 0.14 g (1.39 × 10-3 mol) was used. 163 
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The mixture was again purged with argon for 10 min and the second polymerization step was 164 

performed at 60 °C overnight under an argon atmosphere while stirring. Dioxane was 165 

partially removed under reduced pressure, the yellow viscous oil was then dissolved in 5 mL 166 

of acetone and then dried under vacuum to yield a yellow solid. Samples are listed in Tables 167 

1 and S-1, with the sample codes AAy and AAyStyz where average chain length is y AA 168 

monomer units and z Sty monomer units.  169 

 170 

2.3. SIZE EXCLUSION CHROMATOGRAPHY 171 

The experimental set up was the same as previously described[11] except in some cases 172 

where 0.1 % (w/w) trifluoroacetic acid (TFA) was used instead of 5.0 % (w/w) acetic acid as 173 

described in the text.  174 

  175 

2.4. CAPILLARY ELECTROPHORESIS 176 

Typically experiments involving oligoAA were conducted using an Agilent 3DCE instrument 177 

with the experimental parameters previously described for alkali borate[49] and for 178 

ammonium acetate[18] background electrolytes (BGE), which were prepared to pH 9.2 with 179 

varying concentrations. Other specific information details are provided in figure captions. 180 

When an organic solvent was added to the BGE, it was added such that the concentration was 181 

10 % (v/v).  182 

 183 

Block co-oligomers and their precursor, AA4, were analyzed as follows. Experiments were 184 

conducted using an Agilent 7100 CE instrument (Agilent Technologies, Waldbronn, 185 

Germany) with a Diode Array Detector (DAD) monitoring at 200 and 290 nm with 10 and 20 186 

nm bandwidths, respectively. The samples were dissolved at 5 g L-1 in water containing 1 187 

mol equivalent of 1 M NaOH with respect to the acrylic acid monomer units. 10 µL of 10 % 188 
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(v/v) DMSO was added to each 400 µL sample to mark the electroosmotic flow (EOF). A 189 

400 mM sodium borate buffer at pH 9.2 was used as the background electrolytes (BGE). 190 

Buffers were sonicated for 5 min and filtered before use with a 0.2 µm, poly(vinylidene 191 

fluoride) filter. Samples were injected hydrodynamically by applying 30 mbar of pressure for 192 

10 s. Separations were performed at 30 kV and 25 ºC in a fused-silica capillary with a total 193 

length of 59.2 cm (effective length 50.7 cm). The capillary was pre-treated prior to use by 194 

flushing for 10 min with 1 M NaOH, for 5 min with 0.1 M NaOH, for 5 min with water and 195 

for 5 min with the BGE. Preconditioning between injections involved a 2 min flush with 1 M 196 

NaOH followed by a 5 min flush with the BGE. After the last electrophoresis experiment, the 197 

capillary was flushed for 1 min with 1 M NaOH, for 4 min with 0.1 M NaOH, for 10 min 198 

with water and for 10 min with air. Data was acquired using Chemstation A.10.01. The 199 

migration time was converted to electrophoretic mobility for universal comparison of the 200 

separations (Equation S-1 in supporting information), the absorbance was converted into the 201 

weight-distribution of electrophoretic mobilities, W(µ), according to reference[53] (Equation 202 

S-2), the data was then plotted and integrated using OriginPro 8.5. To improve the precision 203 

of the electrophoretic mobility the distributions for the block co-oligomers and their 204 

precursors were corrected, using Equation S-3, to the electrophoretic mobility of the peak 205 

AA4 without the RAFT agent end group, which was 4.70 × 10-8 m2V-1s-1 (1.67 % RSD, 206 

n=16). 207 

 208 

2.5. NMR SPECTROSCOPY 209 

One-dimensional (1D) experiments for signal identification of AA3, AA5, AA6, AA9, AA10 210 

and AA21 were conducted at 25 °C on a Bruker DRX500 spectrometer (Bruker Biospin Ltd, 211 

Sydney) equipped with a TIXS probe and operating at Larmor frequencies of 500 MHz and 212 

125 MHz for 1H and 13C, respectively. Samples were dissolved in D2O at 100-170 g L-1. 1H 213 
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NMR spectra were recorded with a 45° flip angle, 32 scans and a 4 s repetition delay. 13C 214 

NMR spectra were obtained with a power-gated decoupling pulse sequence with a 45° flip 215 

angle, 18,000 scans and a 2 s repetition delay. DEPT-135 13C NMR spectra were recorded 216 

with 12,000 scans and a 3 s repetition delay.  217 

 218 

Quantitative 13C NMR spectra for samples AA9, AA10 and AA21 were obtained at room 219 

temperature with a Bruker Avance 400 spectrometer (Bruker Biospin Ltd, Sydney) equipped 220 

with a 5 mm BBO probe and operating at Larmor frequencies of 400 MHz and 100 MHz for 221 

1H and 13C, respectively. Samples were dissolved in D2O at 143 to 155 g L-1. An inverse 222 

gated decoupling pulse sequence was used. The repetition delays were set at least five times 223 

longer than the longitudinal relaxation times (T1) of the signals of interest in order to ensure 224 

that the spectra obtained in this study were quantitative. T1 values were overestimated for 225 

each sample using the one-dimensional inversion recovery pulse sequence (see supporting 226 

information sections 5.2 and 6.1 containing Figure S-15 to S-21). A repetition delay of 15 s 227 

was found to be longer than 5T1 thus sufficient to make all signals from the sample 228 

quantitative except those corresponding to the carbonyl region. For samples AA9, AA10 and 229 

AA21 spectra were obtained with 15,008, 3,360 and 15,360 scans, respectively.  230 

 231 

1D NMR spectra for block co-oligomers, AA4Sty1, AA4Sty2 and AA4Sty3, and their 232 

precursor, AA4, along with 2D NMR spectra were recorded using a Bruker DRX300 233 

spectrometer (Bruker Biospin Ltd, Sydney) equipped with a 5-mm dual 1H/13C probe, at 234 

Larmor frequencies of 300.13 MHz for 1H and 75 MHz for 13C. Samples were dissolved in a 235 

deuterated solvent (four different solvents were used, see captions of the relevant figures) at 236 

10 g L-1 for 1H NMR spectra, at 200 g L-1 for 13C NMR and 2D  spectra of oligoAAs, and at 237 

100 g L-1 for 13C NMR and 2D spectra of block co-oligomers . Spectra were recorded at 20 238 
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°C except when D2O and NaOD were used as the solvent in which they were recorded at 60 239 

°C. 1H NMR spectra were recorded with a 45° flip angle, 128 scans and a spectral width of 240 

10,000 Hz. 13C NMR spectra were acquired using an inverse-gated decoupling pulse 241 

sequence with a 90° flip angle, 6,000 scans and a spectral width of 20,000 Hz. 13C DEPT-135 242 

spectra were recorded using the same conditions except for 90° and 180° 13C flip angles, as 243 

well as a 135° 1H flip angle. The repetition delay of 25 s was found to be greater than 5T1 for 244 

all signals in both 1H and 13C experiments for samples dissolved in dioxane-d8, THF-d8 and 245 

D2O with 1 mol equivalent of NaOD, except the signals corresponding to the solvent and the 246 

carbonyl of the residual acrylic acid monomer (see section 6.1 in supporting information).  247 

 248 

1H-1H COrrelation SpectroscopY (COSY) spectra were acquired using the Bruker ‘cosyqf’ 249 

pulse sequence. The spectral width was 3,000 Hz in both dimensions. 2,048 increments were 250 

recorded in the direct dimension and 256 increments in the indirect dimension. The repetition 251 

delay between scans was 1 s. The 1H-1H COSY spectra were plotted with a 4,096 × 512 252 

increment matrix. 1H-13C Heteronuclear Multiple-Quantum Correlation (HMQC) spectra 253 

were acquired using the Bruker ‘hmqcgpqf’ pulse sequence. The indirect dimension (1H) had 254 

a spectral width of 3,000 Hz with 2,048 increments, while the direct dimension (13C) had a 255 

spectral width of 15,100 Hz with 128 increments. The repetition delay between scans was 1 s. 256 

1H-13C HMQC spectra were plotted with a 1,024 × 1,024 increment matrix. 257 

 258 

For spectra recorded in dioxane-d8 the 1H and 13C chemical shift scales were referenced to 259 

solvent signals at 3.53 and 66.48 ppm, respectively (these values were determined from 260 

measurements of dilute TMS in dioxane-d8, in which the TMS signals were set to 0 ppm). For 261 

spectra recorded in DMSO-d6 and THF-d8 the chemical shift scales were referenced to the 262 

solvent signals at 2.50 ppm and 3.58 ppm, respectively, for 1H and at 39.52 ppm and 67.21 263 
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ppm, respectively, for 13C NMR spectra [54]. For spectra recorded in D2O with or without 264 

NaOD, 1H and 13C chemical shift scales were externally calibrated with the resonance of the 265 

methyl signal of ethanol in D2O at 1.17 and 17.47 ppm, respectively [54]. 266 

 267 

 268 

3. RESULTS AND DISCUSSION 269 

3.1. OPTIMIZING SIZE EXCLUSION CHROMATOGRAPHY (SEC) SEPARATIONS 270 

Free solution CE was previously shown to have a far higher resolution than aqueous or 271 

organic SEC routinely used for oligo or poly(acrylic acid) [49]. Aqueous SEC[31] exhibited a 272 

poorer resolution than tetrahydrofuran SEC with 5 (w/w)% acetic acid as additive[36, 49] in 273 

the case of oligoacrylates. However, SEC is still normally the first technique used to 274 

characterize oligomers, hence, we attempted to improve the resolution further. The SEC 275 

resolution was improved by using 0.1 (w/w)% TFA (instead of 5 (w/w)% acetic acid)[55] 276 

enabling the quantification of the unreacted RAFT agent between 28 and 30 min (Figure 1), 277 

the details are more heavily discussed in the supporting information section 1. However, the 278 

improved SEC resolution is still far lower than the resolution obtained by free solution CE. 279 

 280 

Figure 1. Comparison of SEC separations of AA5 using a THF mobile phase containing 5 281 

(w/w)% acetic acid (black), or 0.1 (w/w)% TFA (red). Injection concentrations were 1.1 g L-1 282 

and 0.2 g L-1, respectively. 283 
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 284 

3.2. DISSOLUTION 285 

The first step in any liquid-state analysis is usually the dissolution of the sample. OligoAA 286 

and their block co-oligomers are challenging to fully dissolve since the sample contains 287 

molecules with a range of hydrophobicities, in particular when the PABTC RAFT agent in 288 

used. In the case of branched PAAs[32] and starch[56], solution-state 1H NMR showed that 289 

complete dissolution cannot always be determined by visual inspection and this can be 290 

expected also for other oligomers and polymers [56]. CE has been shown to be able to 291 

monitor dissolution and compared to solution-state 1H NMR spectroscopy in the case of 292 

chitosan.[57] In addition, (some) aggregates can be detected by CE as sharp peaks.[41, 57] 293 

Therefore the dissolution of oligoAA was monitored by free solution CE using DMSO as an 294 

internal standard, as only the soluble fraction is detected (Figures S-1 and S-2). In particular 295 

the RAFT agent peak area was monitored as it is the most hydrophobic component of an 296 

oligoAA sample and thus the most challenging to dissolve in aqueous solvents. It was found 297 

to take approximately 10 h for all the unreacted RAFT agent to dissolve (Figure S-1) and that 298 

this dissolution does not follow a first-order kinetics (Figure S-3). No degradation was 299 

detected after 9 days in solution.  300 

 301 

In the case of a free solution CE analysis it is possible to have the sample in solvent 302 

completely different to the BGE. Dissolving the samples in the BGE (Figure S-7a) or dilute 303 

NaOH (Figure 2b) both provided effective separations, while when dissolved in dioxane, the 304 

dioxane was adsorbing on the capillary wall and reducing the peak efficiency as many peaks 305 

presented shoulders (Figure S-4) when compared to the separation when dissolved in an 306 

aqueous solvent. The effect of the solvent used for the dissolution of oligoAA for 1H NMR 307 

analysis is shown in Figure S-5 and discussed in section 2.2 of the supporting information.  308 
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 313 

3.3. OPTIMIZING FREE SOLUTION CAPILLARY ELECTROPHORESIS (CE) 314 

SEPARATIONS 315 

The previous free solution CE separations of oligoAA showed that it is possible to have 316 

baseline resolution of chains up to three units long [18]. The longer chain lengths have a 317 

similar electrophoretic mobility preventing their separation, thus making the determination of 318 

the complete molar mass distribution difficult. However, it is possible to obtain the molar 319 

mass distribution of oligomers using CE with MS and UV detection (CE-MS), since the MS 320 

can identify the molar mass at each point. To achieve the previous selectivity the separation 321 

took place in approximately 30 min. Therefore additional experimentation was conducted to 322 

further improve the resolution while achieving a higher throughput.  323 

 324 

Performing a free solution CE experiment is fairly simple but finding optimal conditions can 325 

be tedious since a number of variables can be changed such as the type of BGE, 326 

concentration of BGE, length of capillary, capillary surface, etc. Here we have examined a 327 

number of experimental conditions to determine the optimal conditions for a required 328 

separation.  329 

 330 

Borate buffers are commonly used as a BGE in free solution CE due to the robustness, low 331 

cost and longevity. Furthermore the pH range of borate buffers (pH 8.2-10.2) ensures that 332 

oligoelectrolytes with a pKa lower than this pH are predominately in the charged state. 333 
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Previous attempts to separate PAA with free solution CE at physiological pH led to 334 

irreproducible separations, thus lower pHs were not assessed for the separation of oligoAA 335 

[58]. Different counter ions can be used to alter the separation performance. Potassium and 336 

sodium counter ions gave similar selectivity, while a lithium counter ion led to a similar 337 

selectivity for chains with less than 3 monomer units but a reduced selectivity for the larger 338 

molar mass chains (Figure S-6). The electrophoretic mobility decreases with the size of the 339 

counter ion, consistent with the dependence of the protonation constants of polyacrylates with 340 

these counter-ions: Li+ > Na+ ≥ K+[59]. The lower electrophoretic mobility resulted in a faster 341 

separation. Free solution CE of polyelectrolytes follows the same trend that once they reach a 342 

certain chain length their electrophoretic mobility and thus separation becomes independent 343 

of chain length, therefore we refer to this mode of free solution CE as Capillary 344 

Electrophoresis in the Critical Conditions (CE-CC) in analogy to its namesake in liquid 345 

chromatography[60]; details can be found in a review [38]. The loss of resolution for the 346 

higher molar masses when using lithium in the BGE suggests that the critical conditions are 347 

reached earlier than when using other counter ions. This is beneficial for analyzing 348 

polyelectrolytes but in the case of oligoelectrolytes it provides less resolution. The overall 349 

separation time is faster with a lithium borate buffer so when only quantifying the low molar 350 

mass substances such as the unreacted RAFT agent using lithium is useful. A disadvantage of 351 

borate buffers is that they are not MS compatible, therefore to ensure the same separation is 352 

possible in an MS compatible BGE ammonium acetate was also examined. Ammonium 353 

acetate provided a resolution slightly higher than the borate buffers (Figure S-6). Therefore, 354 

high resolution separation of oligoelectrolytes with MS identification is possible. The 355 

disadvantage of using ammonium acetate is that its volatile nature prevents its storage and 356 

limits its longevity. 357 

 358 
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Increasing the BGE concentration improves the resolution at the cost of separation time 359 

(Figure S-7). The electrophoretic mobility of the oligoAA decreased with increasing BGE 360 

concentration as expected [61]. A 400 mM sodium buffer was typically the maximum 361 

concentration that could be used to create high and stable electric fields of 500 V cm-1. This 362 

BGE and electric field provided very high resolution as separation by the tacticity of chains 363 

with 3 AA units could be achieved, as discussed previously[18], with a total separation time 364 

of 30 min in a 40 cm capillary. At half the BGE concentration the separation took place in 10 365 

min.  366 

 367 

Two different capillary lengths were examined, 40 cm and 100 cm, using 200 mM lithium 368 

borate and 100 mM ammonium acetate as BGEs. The longer capillary shows a strong 369 

improvement in the resolution with a greater number of peaks visible and narrower peaks 370 

(Figure S-8). The separation by tacticity of the oligomer chain with 3 monomer units is 371 

visible with both BGEs further showing the improvement in resolution, but the improved 372 

resolution comes at the cost of separation time. The longer capillary led to a 6 to 10 times 373 

longer separation as shown with two BGEs (Figures S-6d and 8). 374 
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Table 1. Average chain length and composition, RAFT agent conversion and average degree of branching of oligoAA and oligo(AA-375 

b-Sty) samples. 376 

Sample 

code 

Theoreti

cal chain 

lengtha 

Chain 

length at 

maximum 

of ESI-MS 

distributionb 

Number-

average chain 

length by 

NMRc 

Number-average 

chain length of 

living chainse 

Sty fractionf 

Degree of 

Branching 

(%)h 

Weight 

of 

RAFT 

agent 

remaini

ng (% 

w/w)i, j 

Conversion of 

RAFT agent 

(% mol/mol)k 

Blocking 

efficiency 

(%)m 

1Hd 13Cd 1Hd 13Cd 
theoreti

cal 

1H 

NMRg 
13C NMRd 

Free 

soluti

on 

CEi, l 

1H 

NMRd 
1H NMRd 

AA21 15.00 16 NDn 
20.65 

± 0.38 
ND 

17.44 ± 

0.32 
- - 2.8 ± 0.5 <LODo 100 ND - 

AA9 7.52 8 ND 

9.30 ± 

0.73 

[9.61 

± 

0.10p] 

ND 
8.30 ± 

0.08 
- - 1.0 ± 0.4 

0.28 ± 

0.01 

99.5± 

0.1 
ND - 

AA4 5.62 ND 
4.62 ± 

0.03 

3.70 ± 

0.40 

[4.64 

± 

0.04p] 

3.36 ± 

0.03 

3.36 ± 

0.04 
- - <LOD 

7.47 ± 

0.68 

86.0 

± 0.9 

90.6 ± 

0.1 

(88.9 

± 

16.0q) 

- 

AA4St

y1 
6.62 ND 

5.45 ± 

0.08 
ND 

4.29 ± 

0.06 
ND 0.15 0.15 <LOD 

2.09 ± 

0.03 
NPr 

95.7 ± 

1.3 

51.6 ± 

0.6 

AA4St

y2 
7.62 ND 

5.74 ± 

0.10 
ND 

5.37 ± 

0.09 
ND 0.26 0.27 <LOD 

2.45 ± 

0.01 
NP NP 

62.6 ± 

9.0 

AA4St

y3 
8.62 ND 

6.26 ± 

0.02 

6.34 ± 

0.58 

5.67 ± 

0.02 

5.75 ± 

0.53 
0.35 

0.35(0.

37 ± 

0.02d,q) 

<LOD 
1.43 ± 

0.26 
NP NP 

73.3 ± 

1.3 
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aCalculated using Equation S-8[62] bvalues published previously[18] ccalculated using Equations S-10 to S-17 derror calculated from 377 

the SNR using Equation S-9 ecalculated using Equations S-10 to S-13 with the numerator multiplied by the weight fraction of 378 

monomer units in living chains shown in Table 3 ftotal Sty content of sample not ratio in block co-oligomer, calculated using 379 

Equations S-19 to S-21 gerror from SNR was <1.5 % hcalculated using Equation 2 idetermined by free solution CE with n=3 for 380 

oligoAA and n=2 for oligo(AA-b-Sty) jabsorbance at 200 nm to measure the weight fraction calculated using Equation S-5 kcalculated 381 

by the unreacted RAFT/total RAFT ×100 labsorbance at 290 nm to measure the RAFT agent, value calculated using Equation S-5 382 

mcalculated by Sty units adjacent RAFT/all monomer units adjacent RAFT ×100 nND stands for not determined oLOD stands for limit 383 

of detection pcalculated using Equations S-16 and S-17 which also uses H terminated end group, the error was calculated using 384 

Equation S-18 qdetermined from 13C NMR spectroscopy rNP stands for not possible due to signals not being resolved from other units 385 

and Sty units also absorbing at 290 nm.  386 

 387 
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In free solution CE the migration of the ions is due to the attraction to the electrodes and the 388 

Electro-Osmotic Flow (EOF). Reducing the EOF has been shown to improve the resolution of 389 

CE previously [63, 64]. The strength of the EOF is proportional to the surface charge of the 390 

capillary, thus the migration speed can be controlled by altering the surface charge of the 391 

capillary. Different coatings were trialed with the details of these separations discussed more 392 

heavily in the supporting information section 4.3 and shown in Figures S-9 to S-13. In summary, 393 

a C18 coating was the best of the coatings trialed to reduce the EOF which resulted in longer 394 

separation times with minimal improvement in the resolution.  395 

 396 

An alternative means of reducing the EOF is to add an organic modifier to the BGE, although 397 

this also changes the solvation of the analytes and so could change their selectivity. Acetone or 398 

methanol are miscible with the BGEs used and can dissolve oligoAA and its more hydrophobic 399 

block co-oligomers. 10 % (v/v) of acetone in the BGE prevented a stable electric field while 400 

methanol had the desired effect of reducing the EOF. The use of 10 % (v/v) of methanol in the 401 

ammonium acetate buffers did not show any significant change in the resolution. However, using 402 

the same concentration in a lithium borate buffer yielded an improvement in the resolution of the 403 

higher molar masses (Figure S-14). The methanol caused the EOF marker to migrate 0.5 min 404 

slower than without methanol which resulted in the separation taking 25 min instead of 13 min. 405 

However, the methanol did not provide baseline separation of the oligomer chains greater than 3 406 

monomer units long, which was achieved with a lithium borate buffer with a longer capillary. 407 

 408 

Depending on the desired characterization the different free solution CE conditions can be used. 409 

In some cases the optimal resolution is desired but in some circumstances such as monitoring the 410 
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conversion of the RAFT agent (or monomer conversion measurement) minimal resolution and 411 

fast separation time is preferred, which was possible with free solution CE with separations 412 

taking place in less than 5 min (Figure 2a). Currently no chromatography method is available to 413 

separate RAFT agents or other chain transfer agents from other components of a polymer 414 

sample. Therefore the efficiency and robustness of free solution CE enables the monitoring of 415 

chain transfer agents. The recommended free solution CE BGE and capillary length to obtain the 416 

required information is summarized in Table 2. To obtain the optimal resolution it requires a 417 

balance of different conditions. The separation of oligomer chains that were 4 units long was 418 

only possible with long capillaries or with a BGE not containing lithium with concentrations at 419 

least 400 mM, thus the recommended conditions for optimal resolution are using a 400 mM 420 

sodium borate buffer as the BGE in a 60 cm total length capillary (Figure 2b). It may be possible 421 

to further improve the resolution with longer capillaries and more concentrated BGEs but this 422 

would require exorbitantly long separation times greater than 60 min. For oligoelectrolytes other 423 

than oligoAA it may be necessary to use MS detection for peak identification. Similar resolution 424 

is obtained using 150 mM ammonium acetate which can be used in conjunction with MS 425 

detection for peak identification. The variety of free solution CE conditions allows for a range of 426 

oligoelectrolytes to be analyzed. 427 

 428 

 429 

 430 

 431 

 432 
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Table 2. Recommended conditions for different goals: BGE and capillary length (total length lt, 433 

effective lenght ld) for the analysis of oligoAA by free solution CE, with approximate separation 434 

time. 435 

Goal BGE 
lt [ld] 

(cm) 

Approx. 

time (min)† 

Optimal 

resolution 

400 mM 

sodium 

borate 

60[51.5] 60 

Unreacted 

RAFT agent 

100 mM 

lithium 

borate 

35[26.5] 3 

Couple to 

MS 

150 mM 

ammonium 

acetate 

100[91.5] 40 

Hydrophobic 

samples 

100 mM 

sodium 

borate with 

10 %(v/v) 

methanol 

40[31.5] 25 

† time for last peak to be detected 436 

 437 

 438 

 439 

 440 
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 441 

 442 

Figure 2. Separations of oligoAA to provide the fastest separation (black, 100 mM lithium borate 443 

buffer, 40 cm total length capillary, 31.5 cm effective length, injection concentration 1 g L-1) and 444 

optimal resolution (red, 400 mM sodium borate buffer, 59.2 cm total length capillary, 50.7 cm 445 

effective length, injection concentration 5 g L-1). Electropherograms are shown as a function of 446 

electrophoretic mobility (top) and migration time (bottom). Separations took place at 25 °C and 447 

30 kV, detection at 200 nm. Numbers indicate the number of monomer units while R indicates 448 

the presence of a RAFT agent end group. 449 

 450 
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The performance of a separation can be measured in terms of its peak capacity (Nc), which 451 

indicates the number of peaks that can be baseline separated over the time of the separation. 452 

Using the RAFT agent peak as a reference, since it is baseline separated in all free solution CE 453 

conditions, the Nc of the free solution CE measurement was estimated using Equation S-4. For 454 

the fastest separation conditions (Figure 2a) a Nc of 47 was estimated while for the most resolved 455 

conditions (Figure 2b) the Nc was 426. The Nc of one-dimensional reversed phase liquid 456 

chromatography to separate oligoSty was found to be 38 and 45 for different separation 457 

conditions.[65] Therefore the efficiency achieved by free solution CE for oligomers is far higher 458 

than that of other separation methods. Due to the high Nc of free solution CE more information 459 

regarding the purity and livingness of oligoAA can be determined than with any other separation 460 

method. Furthermore in a block co-oligomer sample there are hundreds of different molecules, 461 

thus higher resolution and peak capacity separations are needed to obtain a clearer understanding 462 

of the heterogeneity of a sample’s chemical structures. 463 

 464 

3.4. NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY SIGNAL 465 

ASSIGNMENT 466 

Oligomer samples may possess a number of different chemical structures as shown in Figure 3. 467 

With a thorough NMR signal assignment accurate chemical structures can be obtained. The 468 

signal assignment of 1H and 13C NMR spectra of oligoAA and oligo(AA-b-Sty) is shown in 469 

Figures 4 to 6. A detailed description of how the signals were assigned is provided in the 470 

supporting information section 5.1. In addition 1D and 2D NMR spectra used for the signal 471 

assignment are shown in Figures S-22 to S-31.  472 
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 473 

Figure 3. Chemical structures found in oligoAA and oligo(AA-b-Sty) samples. Top is the 474 

branched structure of oligoAA. Middle is the chemical structure of the V-501 initiator used to 475 

synthesize the samples. Bottom is the linear chemical structure found for the oligo(AA-b-Sty) 476 

samples synthesized in this work which have a short AA block. The numbers are used to identify 477 

signals in the following NMR spectra. 478 

 479 

 480 

 481 



 25 

 482 

 483 

Figure 4. 1H NMR spectra of a) AA4 dissolved in dioxane-d8 and b) AA4Sty3 dissolved in THF-484 

d8. The inserts in a) show the backbone region and end group signals. Numbers indicate the 485 

nuclei in the corresponding chemical structure shown in Figure 3. The ‘ indicates that it is 486 

referring to the second monomer unit from the RAFT agent end group. 487 
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 488 

 489 

Figure 5. 13C NMR spectra of a) AA4 dissolved in dioxane-d8 and b) AA4Sty3 dissolved in 490 

THF-d8. Top spectra show the DEPT-135 spectrum while the bottom spectra are quantitative 13C 491 

spectra. Numbers indicate the nuclei in the corresponding chemical structure shown in Figure 3. 492 

The ‘ indicates that it is referring to the second monomer unit from the H terminated end group. 493 

 494 
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3.5. DETERMINATION OF AVERAGE CHAIN LENGTH AND DEGREE OF 495 

BRANCHING BY NMR SPECTROSCOPY 496 

OligoAA are commonly analyzed by 1H NMR spectroscopy to obtain the average chain length 497 

(DPn). However, from free solution CE it is observed that some samples have a significant 498 

fraction of oligomer chains that do not contain a RAFT agent end group. Thus, assuming all 499 

chains have a RAFT agent end group results in an overestimation in the DPn. Furthermore 500 

signals from initiators, solvents and other impurities overlapping with the backbone signals can 501 

lead to overestimations, although in many cases such signals can be subtracted mitigating the 502 

error. The typical DPn value determined by 1H NMR spectroscopy is assuming that all chains are 503 

living. Using free solution CE the weight fraction of dead chains, those without a RAFT agent 504 

end group, can be measured. Using this NMR values can be corrected to allow the determination 505 

of the DPn of the chains with a RAFT end group (living chains) but not the DPn of the whole 506 

sample. From 13C NMR spectroscopy it is possible to determine the DPn assuming all chains 507 

have a RAFT agent or H end group which is a far more accurate representation of the sample. 508 

However, 13C NMR typically does have error produced from a poor signal-to-noise ratio (SNR) 509 

and integration. To ensure the SNR from the end groups signals of oligoAA below a DPn of 21 is 510 

precise enough for quantification (Relative Standard Deviation, RSD <3 %) it was observed that 511 

a day long measurement was required. Integration error is caused by the data processing of the 512 

spectrum, the setting of baselines, not fully resolved peaks and defining the integration limit. For 513 

RAFT agent end group signals the integration error is negligible because they are baseline 514 

resolved from any other signals in the 13C NMR spectra, however, the H terminated signals are 515 

not as clearly resolved as shown in Figure 6. To estimate the integration error the spectrum of 516 

AA21 was processed by 4 independent operators and the RSDs of the peak areas were used to 517 
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represent the integration error. The RSD was found to be 7.0 % for GN11 and 12.0 % for GN10 518 

(GN10 and GN11 refer the group number of the parts of the molecule shown in Figure 3). The 519 

estimation is likely an overestimation as the RSD on determining the peak areas is also 520 

influenced by the Signal-Noise Ratio (SNR) and this error is already taken into account by using 521 

Equation S-9. Thus a very accurate DPn of oligoAA can be determined by 13C NMR 522 

spectroscopy, such accuracy may be required in applications which are influenced by small 523 

variations in chain length such as in gene delivery agents [66, 67].  524 

 525 

Obtaining this accurate DPn is quite a lengthy process and may not be practical in most situations 526 

therefore using AA4 as an example the difference in using alternative approaches to determine it 527 

are examined, with other comparisons shown in Table 1. The CH of the backbone next to the 528 

RAFT end group (GN14) appears at 4.70-4.95 ppm (Figure 4a). This was the signal with the 529 

least potential for overlap with other signals that corresponds to the end of the oligomer chain, 530 

thus giving almost no integration error and the error from SNR is estimated to be <0.6 % giving a 531 

very precise DPn. The DPn not subtracting overlapping initiator signals for AA4 by 1H NMR 532 

spectroscopy was 4.85 ± 0.03 (Equation S-11), after subtracting the initiator signals it was 4.62 ± 533 

0.03 (Equation S-12). The equivalent DPn by 13C NMR spectroscopy for which all chains are 534 

assumed to be living was 4.64 ± 0.04 (Equation S-15). When the all chains are assumed to have 535 

RAFT agent or H terminated end groups the DPn from 13C NMR was 3.70 ± 0.40 (Equation S-16 536 

and S-17). This average value is more similar to the weight distribution found from free solution 537 

CE which shows that majority of the chains (~60 % w/w) have a chain length shorter than 4 units 538 

(Table 3). The DPn of the living chains in the sample was found to be 3.36 ± 0.03. Therefore 539 

there is no significant difference between the DPn of the sample assuming all chains are living or 540 
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have an H terminated end group, and that of the living chains in the sample. Hence when a 13C 541 

NMR spectrum with sufficient sensitivity cannot be produced using 1H NMR and free solution 542 

CE to determine the DPn of the living chains in the sample could be a faster alternative. 543 

 544 

When branching is present in PAA a quaternary carbon is produced which can be detected by 13C 545 

NMR. The quaternary carbon signal was detected in AA9, AA10, AA21 and confirmed by 546 

DEPT experiments to be a quaternary carbon signal (labelled 8 on Figure 6, see also Figures S-547 

22 to S-24). The branching was then quantified in terms of the DB, which was calculated as 548 

shown in Equations (1) and (2). The DB was between 1.0 and 2.8 % which is similar to values 549 

reported for PAA synthesized by RAFT (estimates ranging from 0 to 1.9 %) [23] but less than 550 

for PAA samples synthesized by Nitroxide Mediated Polymerization (NMP) [22] demonstrating 551 

that radical polymerization of acrylic acid will almost always produce significant amounts of 552 

branching in the produced oligomers or polymers. For the samples with 4 units or less in chain 553 

length the unreacted RAFT agent produces a signal very close to the signal which is produced at 554 

the branching point. The unreacted RAFT agent is in much lower quantities in the higher molar 555 

mass samples and so does not overlay with the branching signal. The peak area between 46 and 556 

48 ppm in the 13C NMR spectrum of AA4 should correspond to the branching signal, the 557 

unreacted RAFT agent and a signal corresponding to the living chains. If this peak area was 558 

significantly higher than the peak area of a signal corresponding to living chains and unreacted 559 

RAFT agent then branching could be detected. However, no significant difference could be 560 

detected thus no measureable amount of branching appears to exist in oligoAA below an average 561 

DPn of 4. To remove the unreacted RAFT agent to detect the branching signal one oligoAA 562 

sample was subjected to aminolysis using a procedure described previously [68]. 1H NMR shows 563 
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the removal of the RAFT agent (Figure S-25). No branching signal was detected even after the 564 

removal of the RAFT agent (Figure S-26).  565 

𝐷𝐵 (%) =
𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑢𝑛𝑖𝑡𝑠

𝑎𝑙𝑙 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑢𝑛𝑖𝑡𝑠
 × 100    (1) 566 

𝐷𝐵 (%) =
𝐼(GN8) ∗ 2

𝐼(25 − 55 ppm) − 2𝐼(GN20) + 𝐼(GN1)
   (2) 567 

where I(25-55 ppm) is the integral of all signals between 25 and 55 ppm, and I(GNx) is the 568 

integral of the signal labelled x on Figure 6.  569 

 570 

 571 

Figure 6. 13C NMR spectra of AA9 (top) and AA21 (bottom) dissolved in D2O. Only the 572 

backbone region is shown as not all the carbonyl signals are quantitative due to an insufficient 573 

repetition delay. Numbers indicate the nuclei in the corresponding chemical structure shown in 574 

Figure 3. The * indicates the CH adjacent to the branching point. 575 

 576 

The source of branching in the oligomers is from intermolecular chain transfer to oligomer or 577 

intramolecular transfer to polymer through backbiting. It would be suspected that the low chain 578 

length of oligomers would make intermolecular chain transfer unlikely. However, an increase in 579 
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the DB is observed as the chain length increases which suggests the branching maybe linked to 580 

intermolecular chain transfer. By comparing the peak areas of GN24 and GN26 in Figure 5a it is 581 

estimated that approximately 1 % of the initiator decomposes under these reaction conditions. A 582 

larger fraction of dead chains is observed than what would be produced from initiator derived 583 

chains. The source of these dead chains could be from transfer to dioxane[22] or potentially from 584 

transfer to polymer. In polyacrylates backbiting is suspected to be the predominate source of 585 

branching [24, 69-71]. If backbiting was the only source of branching in oligoAA then the 586 

amount of dead chains and the effect of chain length is unlikely to be observed [33]. In 587 

simulations the possibility for backbiting is taken at 3 monomer units as this is when a 1,5 588 

backbiting reaction can occur, which is predicted to be the most favorable backbiting reaction, 589 

that can take place to produce a mid-chain radical [72]. Thus when taken to high conversions 590 

(>90 %) the same amount of backbiting should be observed for all oligomer chains with greater 591 

than 3 monomer units [73]. For samples AA9 and AA21 the fraction of chains with 3 or less 592 

monomer units was less than 16 % w/w for both samples (Table 3). Since the fraction is similar 593 

for both samples the fraction of chains unable to undergo backbiting is unlikely to be a reason for 594 

the differences in DB between AA9 and AA21. However in the case of the oligoAAs shorter 595 

than AA9 a significantly larger fraction of chains have 3 or less monomer units. The lower chain 596 

length oligomers may prevent both intra and intermolecular (chain) transfer to polymer and 597 

produce no detectable amount of branching. Thus it is likely that both intra and intermolecular 598 

(chain) transfer to polymer take place in formation of branches in oligomers with one not being 599 

more likely to occur than the other.  600 

 601 

 602 
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3.6. DISTRIBUTION OF MOLAR MASSES OF OLIGOAA 603 

Although it is possible to obtain a highly accurate DPn of oligoAA by 13C NMR it is only an 604 

average value for the sample. Using free solution CE the distribution of molar masses of the 605 

smaller molar mass chains can be determined. The partial weight distribution of molar masses 606 

for the oligoAA are shown in Table 3. The weight distribution of molar masses is of particular 607 

importance in ensuring oligoAA samples have similar chain lengths as even though the average 608 

maybe the same the distributions may differ. The weight distribution of molar masses of the 609 

oligoAA is of particular importance in the production of self-assembled structures when oligoAA 610 

are chain extended with a hydrophobic monomer. This is because the low molar mass oligoAA 611 

chains with only 1 to 3 hydrophilic monomer units may significantly alter the phase behavior. 612 

Using free solution CE the low molar mass oligoAA chains can be quantified and chains with 3 613 

or less AA units were found in all oligoAA even with average chain lengths of 21.  614 

 615 

The weight fractions of dead chains in the oligoAA samples were also determined by free 616 

solution CE, double UV detection at 200 and 290 nm to identify the peaks (see Figure S-4 and 617 

supporting information section 4.1). The weight fraction would be slightly underestimated as the 618 

living chains would absorb UV at 200 nm more than the dead chains due to additional absorption 619 

from the RAFT agent end group. The underestimation from assuming all the absorbance is a 620 

result of only one functional group, the carbonyl in the case of oligoAA, in an oligomer sample 621 

is suspected to be less than 10 % [74]. It should be noted that such errors are present in all 622 

separation methods for oligoAA as the RAFT agent end group changes the dn/dc (refractive 623 

index detection) and the ionization efficiency which would influence SEC and ESI-MS 624 
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measurements respectively. Nevertheless knowing the amount of dead chains is crucial when 625 

making block copolymers as the dead chains will be present as impurities in the final product.  626 

 627 

3.7. PURITY OF OLIGOAA AND OLIGO(AA-b-STY) 628 

Measuring the purity of oligomers and their block co-oligomers is highly important because few 629 

purification methods are available to purify them. Purification techniques generally applied to 630 

polymers result in loss of the oligomer fraction as well. The alternative to purifying the oligomer 631 

sample is to conduct the synthesis with little unreacted material or side products. To adapt the 632 

synthesis methods to measure the impurities are required. Using free solution CE the amount of 633 

unreacted RAFT agent could be determined in all oligoAA and block co-oligomer samples. 634 

Furthermore the conversion of the RAFT agent can also be measured to very small 635 

concentrations. The Limit of Detection (LOD, when SNR is 3) for the RAFT agent was estimated 636 

to be 26 mg L-1 and the Limit of Quantification (LOQ, when SNR is 10) was 88 mg L-1. It was 637 

observed that full conversion of the RAFT agent was obtained in oligoAA samples with a DPn 638 

greater than 10 and with 9 units >99 % of the RAFT agent reacted. Conversion of the RAFT 639 

agent can also be measured by NMR spectroscopy; however, the RAFT agent signal suffers from 640 

integration error and the signal cannot be detected in samples with a chain length of 6 or greater 641 

due to the broadening of the backbone signals. 642 

 643 

The purity in terms of the presence of homo-oligomers in block co-oligomers is important in 644 

understanding their phase behavior. OligoAA can be present in block co-oligomers due to the 645 

presence of dead chains as well as chains with a RAFT agent end group that were not reinitiated. 646 

Furthermore residual initiator can decompose to react with the new monomer to produce a homo-647 



 34 

oligomer. For block copolymers these homopolymers and dead chains are almost always 648 

detected [44, 75]. Dead oligoAA chains were detected in all samples by free solution CE, 649 

demonstrating that their formation in the synthesis of the oligoAA block will cause them to be 650 

present in the block co-oligomer. The fraction of dead oligoAA chains is generally considered to 651 

be very low. ESI-MS has previously been used to detect dead chains in oligomers and they were 652 

found to be in low quantities, while free solution CE found that dead chains constituted at least 653 

13 % w/w of the oligoAA samples [13]. ESI-MS, with the specific conditions used in this 654 

literature may underestimate the amount of dead chains as the RAFT agent end group may 655 

enhance the ionization relative to the chains without a RAFT agent, artificially making it appear 656 

that there are less dead chains. Similar but different ESI-MS conditions show that direct infusion 657 

of the RAFT agent was leading to a strong underestimate of the amount of unreacted RAFT 658 

agent [18]. Therefore free solution CE provides a better method for quantifying the amount of 659 

dead chains in oligoAA and the block co-oligomers.  660 

 661 

Using 13C NMR the percentage of chains with H terminated chains to living chains can be 662 

determined. Within the sensitivity of the 13C NMR measurement a significant amount of H 663 

terminated chains were detected in AA4 and AA9. However, in AA21 the H terminated signal 664 

was not significantly larger than the branching signal. When a branch is formed an H terminated 665 

end is produced as well. The source of these H terminated end groups could be from transfer to 666 

solvent as the amount of initiator derived chains is very low due to the minimal decomposition of 667 

the initiator as described earlier. The percentage of H terminated end groups was (20.4 ± 3.2) % 668 

and (3.2 ± 0.5) % for AA4 and AA9 respectively. The decreasing percentage of H ends with 669 

increasing chain length is in agreement the weight percentage of dead chains found by free 670 
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solution CE shown in Table 3. However, the difference in the weight percentage of dead chains 671 

and the difference in H terminated chains between AA4 and AA9 is not in agreement. 672 

Furthermore AA21 has a similar weight percentage of dead chains to AA9 but a far lower 673 

percentage of H terminated end groups. When branching is produced by intermolecular chain 674 

transfer to polymer a dead chain forms with an H end group while the end of the branch would 675 

possess a RAFT agent moiety. Therefore when subtracting the branching quaternary carbon 676 

integral from the H end group NMR integral, the resulting H end group cannot be distinguished 677 

from H signals corresponding to branch ends, preventing the detection of these dead chains. Thus 678 

free solution CE would detect dead chains formed from intermolecular chain transfer to polymer 679 

while NMR would not. This may explain why significant higher weight percentages of dead 680 

chains are detected in the longer chain length oligomers but a little to no H terminated chain ends 681 

were detected by NMR. This further suggests that intermolecular chain transfer to polymer is 682 

significantly contributing the branching of oligoAA.  683 

 684 

3.8. CHEMICAL HETEROGENEITY 685 

The separation of oligo(AA-b-Sty) by free solution CE, using the conditions recommended for 686 

high resolution, identifies many different chemical structures present in the samples (Figure 7). 687 

There is a decrease in the weight-average electrophoretic mobility (μw) of the block co-oligomers 688 

with respect to oligoAA from 4.46 × 10-8 to 4.38 × 10-8 m2V-1s-1 with the addition of 1 Sty unit 689 

on average. The weight average electrophoretic mobility further decreases as the Sty content 690 

increases. The decrease in electrophoretic mobility is because the Sty block adds hydrodynamic 691 

friction to the chains without adding any additional charge. A molecule’s electrophoretic 692 
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mobility is dependent on the molar mass, composition, end group and tacticity of the block co-693 

oligomer chains, thus yielding very complex separations.  694 

 695 

The PABTC RAFT agent (1R) and the dead chains are detected in all 3 oligo(AA-b-Sty) 696 

samples. For AA4Sty1 chains corresponding to 2 and 3 AA units with a RAFT end group were 697 

still detected but no longer for AA4Sty2. The higher molar mass oligoAA chains are no longer 698 

present in AA4Sty3 while the some RAFT agent is remaining, indicating that the macroRAFT 699 

agent is more reactive than the PABTC RAFT agent. Nevertheless Sty has added to the 700 

remaining RAFT agent, giving a peak at 2.0 × 10-8 m2V-1s-1, which is a lower electrophoretic 701 

mobility than that of the RAFT agent. The number of Sty units added is unknown but it is likely 702 

1 or 2 units as a higher Sty content would not be soluble in the aqueous solvent.  703 

 704 

The blocking efficiency is the fraction of living homo-oligomers reinitiated. It can be measured 705 

by 1H NMR in a non-aqueous solvent, as the Sty units give different chemical shifts to AA units 706 

next the RAFT agent end group. Aqueous solvents give a solvent signal which overlaps with the 707 

signals adjacent to the RAFT agent end group. The blocking efficiency when 3 units of Sty were 708 

added was 73.2 %, meaning that over a quarter of the oligoAA chains with RAFT agent end 709 

groups have not been reinitiated. With the addition of 1 Sty unit over half the living chains were 710 

reinitiated (Table 1). From free solution CE the electrophoretic mobility of AA4Sty3 has almost 711 

completely shifted below 4.75 × 10-8 m2V-1s-1 which is where the chains with greater than 4 AA 712 

units are present, indicating that the majority of these chains have been reinitiated. A significant 713 

amount of RAFT agent is present in AA4Sty3 which would contribute to the unreacted oligoAA 714 

homopolymer along with other oligoAA chains of 2 or 3 AA units in length which are in too 715 
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small a quantity to be detected by free solution CE amongst the block co-oligomer chains. 716 

Therefore knowing the fraction of small chain oligoAA in a sample is important as they are the 717 

least likely chains to be extended and can result in additional residual homo-oligomers in the 718 

block co-oligomer sample. The presence of these homopolymers may play a role in surface 719 

activity[8] and thus colloid formation.  720 

 721 

Figure 7. Separation of oligo(AA-b-Sty) and their oligoAA precursor by free solution CE. The 722 

number indicates the number of AA units, R represents a RAFT agent end group. 1StyR is 1 AA 723 

unit with Sty units and a RAFT agent end group. Separations occurred with a 400 mM sodium 724 

borate buffer as the BGE, 59.2 cm total length capillary, 50.7 cm effective length, injection 725 

concentration 5 g L-1. Separations took place at 25 °C and 30 kV, detection at 200 nm. 726 

 727 

The dispersity of the electrophoretic mobility distribution represents the heterogeneity in a 728 

sample and has previously been used to describe the heterogeneity in branching architectures for 729 

charged homopolymers and composition for copolymers [39, 43]. Although the block co-730 

oligomers are separated according to a number of molecular parameters the dispersity can be 731 

used to describe the heterogeneity at which the polymerization is occurring. If Sty monomers 732 
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were adding to each chain equally then the dispersity of the distribution of electrophoretic 733 

mobilities would remain the same. There is a noticeable increase in the dispersity from AA4Sty1 734 

to AA4Sty2 showing that the heterogeneity increased but when more Sty is added to make 735 

AA4Sty3 the dispersity is experimentally the same. These findings are in agreement with the 736 

penultimate model rather than the terminal model for propagating radicals of Sty and AA, which 737 

has been discussed in the literature previously [76]. When an average 2 Sty units are present the 738 

propagation of Sty units is added less heterogeneously, although additional chain lengths of Sty 739 

were not examined in this study. This suggests that the Sty monomers may preferentially add to 740 

particular chains and then equally between all chains. This would then mean there are changes in 741 

the heterogeneity of the molar mass and composition distributions of the different block co-742 

oligomers. To further improve the characterization of the oligo(AA-b-Sty) MS detection could 743 

be used to identify the exact molecular structure corresponding to each peak.  744 

 745 

Table 3. Partial weight distribution of molar mass oligoAA and oligo(AA-b-Sty) samples 746 

expressed as %(w/w) of each species (the number in the first column indicates the number of AA 747 

units and R indicates the presence of RAFT end group as shown in Figure 1). The blocking 748 

efficiency, the weight-average electrophoretic mobility (μw) and the dispersity of the 749 

electrophoretic mobility distribution D(1,0) are also listed. 750 

Sample 
AA21 

n=6 

AA9 

n=6 

AA4 

n=3 

AA4-

Sty1 

n=2 

AA4-

Sty2 

n=2 

AA4-

Sty3 

n=2 

1 
0.45 ± 

0.04 

1.20 ± 

0.06 

0.12 ± 

0.03 

0.69 ± 

0.08 

0.60 ± 

0.16 

0.41 ± 

0.05 

1R  <LODa 
0.28 ± 

0.01 

7.47 ± 

0.68 

2.09 ± 

0.03 

2.45 ± 

0.01 

1.43 ± 

0.26 
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2 
0.50 ± 

0.02 

0.57 ± 

0.03 

0.37 ± 

0.05 
NRc NR NR 

2R 
0.11 ± 

0.01 

0.83 ± 

0.06 

13.57 

± 0.73 

4.36 ± 

0.33 
NR NR 

3 
14.63 

± 0.70 

11.83 

± 0.44 

2.24 ± 

0.25 
NR NR NR 

3R NR 
0.38 ± 

0.11 

13.25 

± 1.08 
NR NR NR 

4 NR NR 
24.93 

± 2.42 

20.57 

± 1.13 

9.54 ± 

5.83 

8.91 ± 

3.67 

≥3 
98.95 

± 0.05 

97.13 

± 0.15 

78.48 

± 1.23 

[38.07 

± 

4.04b] 

NR NR NR 

StyR - - - 
1.89 ± 

0.15 

2.11 ± 

0.73 

2.22 ± 

0.38 

Dead 

chains 
15.58 13.60 27.65 21.26 10.14 9.32 

Fraction 

of block 

copolymer 

- - - ≥ 56.4 ≥ 77.7 ≥ 80.6 

μw (m2 V-1 

s-1) 

4.88 × 

10-8 

5.03 × 

10-8 

4.46 × 

10-8 

4.38 × 

10-8 

4.15 × 

10-8 

3.99 × 

10-8 

D(1,0) - - - 1.013 1.023 1.021 

aLOD stands for Limit of Detection b(% w/w) of chains ≥AA3R cNR stands for not resolved 751 

 752 

4. CONCLUSIONS 753 

OligoAA and their block co-oligomers have many applications which require detailed 754 

knowledge of their chemical structure in order to properly tailor their properties. Even when 755 
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improving the SEC resolution free solution CE methods have been shown to give more 756 

information about the distribution of end groups and molar masses. Furthermore different CE 757 

conditions can be used depending on the desired information. Monitoring the conversion of 758 

RAFT agent can be performed with separations shorter than 4 min. In contrast high resolution 759 

separations can be achieved with peak capacities greater than 400 which is 10 times greater than 760 

what has been achieved for LC of oligoSty. The high resolution separation from free solution CE 761 

was applied to oligo(AA-b-Sty) providing information regarding the homogeneity of the 762 

chemical structures present in terms of their distribution of end groups, chemical composition 763 

and molar mass. The only other quantitative separation technique which may be able to provide 764 

similar resolution for oligoAA is ion chromatography which has been used to assess the molar 765 

mass distribution of oligophosphates [77]. Alternatively to improve to further improve the peak 766 

capacity of free solution CE a two dimensional approach using both ion chromatography and free 767 

solution CE could be used. From the use of 1D and 2D NMR spectra a near complete assignment 768 

of all the 1H and 13C NMR signals was shown. Thus very accurate molar masses of oligomers 769 

were obtained using appropriate NMR conditions (such as solvent and temperature) to obtain the 770 

average value while CE can give insight into the molar mass distribution. The in-depth 771 

characterization of these materials is shown through the combination of these two techniques and 772 

the importance of these results are  highlighted in this work through the use of as all samples 773 

were shown to differ from the targeted synthesis. 774 

 775 

Oligomers are often assumed to be linear however the 13C NMR experiments conducted in this 776 

work reveal that oligoAA with average chain lengths of 9 units (8 added units and 1 from RAFT 777 

agent) have a detectable degree of branching. This branching could also be present in other 778 
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oligomers and shows that the assumption that oligomers do not contain branching is invalid. 779 

Hence a comprehensive characterization of the chemical structure of oligoAA and oligo(AA-b-780 

Sty) was achieved using free solution CE and NMR spectroscopy. The majority of the 781 

characterization methods shown here could be routinely applied to oligoAA and other 782 

oligoelectrolytes. 783 
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1. Size Exclusion Chromatography (SEC) 

Acetic acid is necessary to ensure that the chromatograms are repeatable (i.e. to minimize adsorption of 

oligoacrylates; adsorption events are to be minimized in SEC). TFA has previously been added to THF 

mobile phase to reduces the adsorption events of poly(methacrylic acid) in a smaller quantity than that 

of acetic acid.[1] Therefore the use of 0.1 (w/w)% TFA in the mobile phase was compared to 5 (w/w)% 

acetic acid. Using 0.1 (w/w)% TFA led to repeatability comparable to that with 5 (w/w)% acetic acid. The 

resolution was improved and the so-called “end-of-column” void was dramatically reduced from 30-36 

min to 31-32 min (Figure 1) because of the significantly lower amount of acid used. From the 

improvements in resolution the quantification of any unreacted RAFT agent is possible by comparing the 

peak area of the RAFT agent injected by itself to the peak found in the chromatogram of the sample. 

Using 5 (w/w)% acetic acid in the mobile phase 9 (w/w)% of unreacted RAFT was found while 13 (w/w)% 

was found using 0.1 (w/w)% TFA in the mobile phase. The differences in the values show that the 

integration error cause by the poor resolution of the RAFT agent limits the accuracy of the quantification 

when using acetic acid. 

 



S-3 
 

2. Dissolution 

2.1 Dissolution monitored by free solution CE 

Dissolution experimental conditions: 

To monitor the dissolution of the oligoAA 2.3 mg of sample was weighed into a vial. 460 µL of water was 

added to the vial. 1 h later without stirring 1 mol equivalent of 1 M NaOH with respect to the acrylic acid 

monomer units was added to the vial. 2 hour later without stirring 10 µL of 10 % (v/v) DMSO was added 

as an internal standard. The sample was injected from the vial every hour for 12 hours then on later 

days (Figures S-1 and S-2). The CE conditions were the same as for the block co-oligomer samples except 

a 110 mM sodium borate buffer was used and all data processing was conducted using Chemstation 

A.10.01. 

Results and discussion: 

As the number of AA units increases the sample becomes more hydrophilic and so for a higher molar 

mass oligoAA the majority of the sample dissolves in water. The PABTC RAFT agent is soluble in water at 

very low concentrations but in low molar mass samples with average chain length of 7 AA units or lower 

the amount of unreacted RAFT agent is usually too high to dissolve in water. Increasing the pH of the 

solution improves the solubility but can lead to degradation. AA4 was dissolved in 1 mol equivalent of 

aqueous NaOH at a nominal concentration of 5 g L-1. The dissolution in aqueous NaOH did not follow an 

apparent first order rate kinetics as is the case when the dissolution is solely due to the solvation of the 

molecule (Figure S-3).[2] That is likely due to the dissolution taking place in two steps: the initial 

deprotonation of the acid groups followed by the solvation of the molecule. Ensuring a dissolved sample 

is important for studying oligomers in aqueous systems[3, 4] and synthesizing them in alkaline aqueous 

solutions[5]. For the analysis of more hydrophobic block co-oligomers it is possible to incorporate an 

organic solvent such as methanol to the Background Electrolyte (BGE) and to dissolve the sample. 
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Figure S-1. Dissolution of unreacted RAFT agent (cross) and AA2R (triangle) in AA4 in water and 1 mol equivalent NaOH with 
respect to the AA monomer units. Concentration at complete dissolution of the AA4 sample was 5 g L-1 nominal concentration. 
Dissolution was monitored through the peak areas obtained by free solution CE. 
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Figure S-2. Representative electropherograms of sample AA4 taken at different time intervals to monitor its dissolution. Peak 
areas are normalized to the peak area of DMSO internal standard. The number indicates the number of AA units, R represents a 
RAFT agent end group. Detection was at 200 nm. 

 

Figure S-3. Linear fitting of the dissolution of the unreacted RAFT agent as if it were following first order kinetics (left) and 
second order kinetics (right). Fitting information provided in the tables on the figures. 
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Figure S-4. Electropherogram of AA4 dissolved in dioxane to 5 g L-1. Separation took place in a 59.2 cm total length capillary 
(50.7 cm effective length) at 25 °C with an applied voltage of 30 kV and a 400 mM lithium borate buffer. Detection was at 200 
nm (black) and 290 nm (red). 

 

2.2 Dissolution of oligo(AA-b-Sty) for NMR 

For NMR spectroscopy of block co-oligomers samples the solvent of choice not only needs to dissolve 

the entire sample, the solvent signal must also not overlap with any signals of interest. Another 

limitation with amphiphilic samples is potential aggregation which can cause signal broadening due to 

aggregation which increases integration error. Such errors in NMR spectroscopy have been suggested to 

be of a similar magnitude to the ionization bias seen in ESI-MS.[6] Dioxane-d8 and DMSO-d6 caused some 

signal broadening, while THF-d8 and D2O with 1 mol equivalent of NaOD with respect to the AA 

monomer units resulted in more narrow signals. In addition, when a small percentage of water was 

present in the THF-d8 the water signal overlapped with the backbone signals in 1H NMR spectra. The 

signal sharpness was further improved by performing the experiments at 60 °C for D2O (Figure S-5). The 

solvent signals of DMSO-d6 and THF-d8 overlapped with the backbone signals causing integration errors. 

Thus, for NMR spectroscopy block co-oligomers were analyzed in D2O and NaOD at 60 °C. However this 

prevents the detection of any oligoSty and the samples cannot be dissolved at the concentrations 

required for 13C NMR spectroscopy (>75 g L-1). Therefore for 13C NMR spectroscopy THF-d8 was used as 

the backbone region was not required. With the choice of solvent taken into account the error on the 

average chain length and composition from integration errors can be significantly minimized. 
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Figure S-5. Effect of solvent and temperature on 1H NMR spectrum of AA4Sty1. Repetition delay was insufficient to produce 
quantitative spectra. Dotted lines provide visual guides to the baseline. 
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3. Sample Information 

Table S-1. Average chain length and composition, monomer and RAFT agent conversion of oligoAA and oligo(AA-b-Sty) samples. 

Sample 

code 

Theoretical 

chain lengtha 

Chain length 

maximum in a 

ESI-MS 

distributionb 

Chain length NMRc 

Conversion of RAFT agent (% 

mol/mol)f 1Hd 13Ce 

AA3 2.87 3 ND NDg 53.5 ± 5.6 

AA5 4.73 5 ND ND ND 

AA6 5.65 6 ND ND 91.0 ± 0.4  

AA10 10.30 11 
11.34± 

0.93 

12.62 ± 0.30  

[10.05 ± 1.31h] 
ND  

aCalculated using Equation S-8 bvalues published previously ccalculated using Equations S-10 to S-13 
derror calculated from the SNR using Equation S-9 eerror based on SNR and estimated integration error 
fdetermined by free solution CE with n=3, absorbance at 290 nm to measure the RAFT agent, value 

calculated by the unreacted RAFT/total RAFT ×100 gND is not determined hcalculated using Equation S-

17 which also uses H terminated end group, the error was calculated using Equation S-18 

4. Capillary Electrophoresis (CE) 

4.1 Equations for CE 

The electrophoretic mobility (µ) was determined using Equation S-1:  

 𝜇 =
𝑙d𝑙t

𝑉
(

1

𝑡m
−

1

𝑡EOF
) (S-1) 

where ld is the length to the detection window (effective length), lt is the total length of the capillary, V is 

the applied voltage, tm is the migration time of the analyte and tEOF is the migration time of the electro-

osmotic flow (EOF) marker. 

UV absorbance was transformed using Equation S-2[7] to obtain the weight distribution of 

electrophoretic mobility of the sample :  

 𝑊(𝜇) = 𝑆UV × 𝑡m (S-2) 

Where w(µ) represents the weight distribution of electrophoretic mobiltiy of the sample and SUV is the 

raw UV signal. 
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The correction of electrophoretic mobility of the block co-oligomer samples was conducted using 

Equation S-3[8]: 

 𝜇corr = 𝜇 ∙
𝜇ref

𝜇mark
 (S-3) 

where µcorr is the corrected electrophoretic mobility, µref is the known electrophoretic mobility of the 

marker (which was AA4 without RAFT agent end group) and µmark is the electrophoretic mobility of the 

marker in the electropherogram. 

 

Peak capacities (Nc) were estimated using Equation S-4: 

 𝑁c =
𝑃w

𝑡t
 (S-4) 

where Pw is the peak width of a representative peak and tt is the total time required for all the peaks to 

be detected. The peak width was measured at the base of the peak by taking the points where the 

tangents at half maximum intersect the baseline. 

 

Weight fraction were calculated from electropherograms detected at 200 nm using Equation S-5. At 200 

nm the carboxylic acid group and RAFT agent are detected. At 290 nm only the RAFT agent is detected, 

thus the conversion of RAFT agent was calculated using the electropherograms detected at 290 nm. 

 𝑊𝑒𝑖𝑔ℎ𝑡 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) =
𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎

𝑡𝑜𝑡𝑎𝑙 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠
× 100 (S-5) 

 

The weight-average electrophoretic mobility (μw) was calculated using Equation S-6 as explained in 

reference [9]. 

 𝜇w =
∑ 𝑊(𝜇z) 𝜇z (𝜇z+1−𝜇z)𝑧

∑ 𝑊(𝜇z) (𝜇z+1−𝜇z)z
 (S-6) 

The dispersity of the electrophoretic mobility distribution D(1,0) was calculated according to Equation S-

7: 

 D(1,0) =
∑ 𝑊(µz)µ𝑧

−1
z (µz+1−µz)×∑ 𝑊(µz)µz(µz+1−µz)z

[∑ 𝑊(µz)(µz+1−µz)z ]2
 (S-7) 
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4.2 Optimization of free solution CE for oligoAA 

 
Figure S-6. Separation of AA5 using as BGEs 200 mM borate buffers with the counter ion being a) potassium (blue), b) sodium 
(red) and c) lithium (black) or d) 150 mM ammonium acetate (green). Electropherograms are shown as a function of migration 
time (top) and of electrophoretic mobility (bottom). Separations took place in a 40 cm total length capillary (31.5 cm effective 
length) at 25 °C and 25 kV for a) and b), 30 kV for c) and 20 kV for d). The resulting currents were 168 µA for a), 120 µA for b), 
160 µA for c) and 68 µA for d). Injection concentration was 1 g L-1. Detection was at 200 nm. 
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Figure S-7. Separation of AA5 with a sodium borate buffers as BGE at concentrations (a) 400 mM, (b) 300 mM and (c) 200 mM. 
Insert shows the peak corresponding to oligomers that are 3 monomer units long with RAFT agent end group. 
Electropherograms are shown as a function of migration time (top) and of electrophoretic mobility (bottom). Injection 
concentration was 0.5 g L-1. Separations took place in a 40 cm total length capillary (31.5 cm effective length) at 25 °C and 25 kV 
for a) and b) or 20 kV for c). Detection was at 200 nm.  
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Figure S-8. Separation of AA5 in a 100 cm capillary with a 200 mM lithium borate buffer as the BGE a) (black) and 100 mM 
ammonium acetate b) (green dotted line), the separation with a 40 cm capillary with a 100 mM ammonium acetate is shown in 
c) (green full line). Insert shows the peak corresponding to oligomers that are 3 monomer units long with RAFT agent end 
group. Electropherograms shown as a function of migration time (top) and as a function of electrophoretic mobility(bottom). 
Injection concentration 1 g L-1. Separations took place at 25 °C with an applied voltage of 30 kV for (a) and (b) and 20 kV for (c). 
Detection was at 200 nm. 
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4.3 Free solution CE with coated capillaries 

A dynamic poly(N-vinyl pyrrolidone) (PVP) coating was initially applied as described previously[10], 

which involves flushing the capillary with 1 (w/w)% PVP during the preconditioning, as a simple way to 

attempt to lower the EOF. However, the coating was not stable in the examined BGEs giving no 

noticeable difference in the separation performance (Figure S-9).  

 

 

Figure S-9. Influence of the PVP dynamic coating of the bare fused silica capillary on the separation of AA5 with a 400 mM 
lithium borate buffer BGE; (a) no coating, (b) PVP dynamic coating. Separations took place in a 40 cm total length capillary (31.5 
cm effective length) at 25 °C and 20 kV. Injection concentration was 1 g L-1. Detection was at 290 nm. 

A covalently grafted C18 coating was next examined according a previously described procedure.[11] 

The general procedure used was filling a bare fused silica capillary with a solution of 1.25 g of octadecyl 

trimethylsilane in 0.25 g ethanol (acidified with acetic acid to pH 5 or lower) and put in a GC oven at 110 

°C. By varying the time oven the density of the coating was changed. Majority of the surface was 

covered by leaving the capillary in the oven overnight, a full 24 h was required to reach full coverage. 

The coatings were stable in the tested BGEs. A partial coating of the surface provided a slight reduction 

in the EOF with the EOF marker coming at 1.5 min instead of 1.0 min (Figure S-10). The separation took 

place in twice the amount of time but the resolution was slightly improved. Further increasing the 

coating coverage by extending the oven time during the coating process further lowered the EOF.  
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Figure S-10. Influence of a partial C18 coating of the bare fused silica capillary on the separation of AA5 with a 100 mM lithium 
borate buffer BGE; (a) no coating, (b) partial C18 coating. Separations took place in a 40 cm total length capillary (31.5 cm 
effective length) at 25 °C and 30 kV. Injection concentration was 1 g L-1. Detection was at 290 nm. 

Since the oligomers examined here are anionic under the conditions used, reverse polarity (the inlet and 

outlet polarities are switched such that the detector near the outlet is the positively charged end) is 

required to migrate the analytes towards the detector when no EOF is present. When using reverse 

polarity the oligomer migrate in reverse order so that the larger molar masses reach the detector first, 

this was observed when using this coating (Figures S-11 and S-12). To allow an even faster detection of 

the larger molar masses a coating which completely covers the surface was used. With complete 

coverage there is no measureable EOF. With the complete surface coated it was possible to detect the 

polymer chains in less than 3 min (Figure S-12).  
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Figure S-11. Influence of a C18 coating on majority of the bare fused silica capillary surface on the separation of AA5 with a 200 
mM lithium borate buffer BGE; (a) normal polarity, (b) reverse polarity. Separations took place in a 40 cm total length capillary 
(31.5 cm effective length) at 25 °C and 20 kV. Injection concentration was 1 g L-1. Detection was at 290 nm 

 

 

Figure S-12. Influence of full C18 coating of the bare fused silica capillary on the separation of oligoAAs with a 50 mM lithium 
borate buffer BGE. The oligoAA samples are of increasing average molar mass from bottom to top with the number indicating 
the most intense peak in an ESI-MS spectrum determined previously [12]. Separations took place in a 40 cm total length 
capillary (31.5 cm effective length) at 25 °C and -20 kV. Injection concentration was 1 g L-1. Detection was at 290 nm. 



S-16 
 

Applying a C18 coating requires a day of preparation and such equipment may not be readily available 

to materials laboratories therefore a capillary made from fluorinated ethylenepropylene copolymer was 

looked at as an alternate type of capillary that has a reduced EOF and can be simply purchased.[13] 

Although this capillary was able to successfully reduce the EOF it suffered from poorer heat dissipation 

and an inability to maintain high currents (>100 µA) preventing the use of high concentration BGEs and 

high electric field strengths (Figure S-13). Therefore, the polymer chains can be detected in 5 min while 

the RAFT agent could not be detected in less than 30 min.  

 

 

Figure S-13. Separation of AA5 with a 50 mM lithium borate buffer BGE in a 40 cm total length fluorinated ethylenepropylene 
copolymer capillary (effective length 31.5 cm). Separation was at 25 °C and -20 kV. Injection concentration was 1 g L-1. 
Detection was at 290 nm. 

4.4 Free solution CE with organic modifiers 
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Figure S-14. Separation of AA5 with a 500 mM lithium borate buffer as the BGE at concentrations (a) without and (b) with 
methanol in a volume ratio of 90:10. Insert shows the peaks corresponding to higher molar mass oligomers. Electropherogram 
are shown as a function of migration time (left) and of electrophoretic mobility (right). Injection concentration was 1 g L -1. 
Separations took place in a 40 cm total length capillary (31.5 cm effective length) at 25 °C and 20 kV. Detection was at 200 nm. 

 

 

 

5. Nuclear Magnetic Resonance (NMR) Spectroscopy 

5.1 Signal assignment 

The signals corresponding to the RAFT agent end group are easily identified with 1H NMR spectroscopy 

as they produce clear splitting patterns. However the backbone signals do not give well defined splitting 

patterns as their distance from the end group and stereochemistry change their chemical shift. The 

chemical structures detected by NMR spectroscopy are shown in Figure 3 with the numbers being used 

for peak labelling in the NMR spectra. The overlapping quartet corresponds to the equivalent signal in 

unreacted RAFT agent present in the sample. The quartet is correlated to a doublet (1.53 ppm) on top of 

the backbone signals in the COSY (Figure S-27) therefore the doublet corresponds to the methyl group 

of the AA unit in the unreacted RAFT agent (GN1). This doublet is also observed in the block co-oligomer 

samples and AA3 and AA5. The backbone signals of the larger molar mass oligoAA is too broad to detect 

the doublet, furthermore from free solution CE it is observed that little or no unreacted RAFT agent is 

present in these samples. The signal between 4.70 and 4.95 ppm is correlated to the signals between 1.8 

and 2.2 ppm meaning they are related to the CH2 signal of the AA unit next to the RAFT end group 

(GN13). The range of chemical shifts of the signals is due to the stereochemistry, the more downfield 

signals correspond to the meso isomers while the upfield signals correspond to the racemic isomers.[14] 
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The methyl group from the start group of the oligoAA produces a signal at 1.0 to 1.2 ppm (GN1). The 

downfield small signals of the methyl group are caused by short oligoAA chains with less than 3 units 

long as they are shown to correlate to the shoulder at 2.5 ppm which is then correlated to the AA unit 

next to RAFT agent end group (GN5) in the COSY (Figure S-27). The downfield shoulder of the CH 

backbone signal is from the second monomer unit from the RAFT end group and the CH signal of the 

start group (GN2) as shown by the COSY. The singlet at 2.05 ppm is not reproduced when other 

deuterated solvents were used and so it is likely an impurity whose peak area can be easily subtracted 

from that of the backbone region as it is a sharp signal only overlapping with GN13.  

The signals found in oligoAA are present in the block co-oligomer samples but they are less resolved due 

to the sample being more complex (Figure 4b). GN14 is still present in the block co-oligomer sample 

indicating that some chains have not undergone chain extension as they still have an AA unit next to the 

RAFT agent end group. There is no significant difference in the AA content so the detected GN14 is not 

due to the addition of more AA units. A quartet like signal is superimposed to this signal which 

corresponds to the unreacted RAFT agent. Two signals are produced which both correspond to the CH of 

a Sty unit next to the RAFT agent end group, which has been previously observed in styrene units next to 

electronegative end groups[15, 16], the reason is likely due to the different stereochemistry of the unit 

next to the end group. 

Using 1H-13C HMQC (Figure S-28) the signals of the backbone and RAFT agent end group could be 

identified in the 13C spectrum and confirmed using a DEPT-135 spectrum. A number of shoulders are 

present between 28 and 35 ppm in Figure 5a. Two of these shoulders at 31.5 and 33.2 ppm are shown 

to be methylene signals in the DEPT-135 and were previously identified to be from H terminated end 

groups.[14, 17] The HMQC shows that the corresponding signals for the H terminated end groups in the 
1H spectra are overlapping with the backbone signals. The other shoulders present have a similar 

chemical shift to those reported for the initiator (V-501) although a different solvent was used it was not 

expected to influence the chemical shift by a significant amount.[18] The other signals corresponding to 

the other 13C nuclei of the initiator were also identified and their corresponding signals in the 1H spectra 

were shown by the HMQC to have chemical shifts similar to what was previously reported as well.[18] 

Typically the sensitivity of NMR spectroscopy is insufficient for the detection of initiator signals[14], 

however, oligomers have a higher ratio of transfer agent to initiator, in this this case 10:1, compared to 

the synthesis of higher molar mass polymers. Furthermore the low molar mass of oligomers means that 

when dissolving an equivalent mass of oligoAA to PAA the number of macromolecules is higher leading 

to the detection of initiator which may affect the accuracy of the chain length measurement if the 

initiator signals are not accounted for. The initiator signals in the 1H spectra cannot be clearly observed 

due to overlap in the back bone region, but their peak area could lead to errors in determining the chain 

length. The initiator signals are only detected in oligoAA samples with an average chain length less than 

5 monomer units long and the block co-oligomer samples and thus the initiator signals are negligible for 

most oligoAA samples. GN24 is from the quarternary carbon adjacent to the azo group in initiator (see 

Figure 3). The presence of GN24 indicates that the initiator detected is from non-decomposed initiator. 

The peak areas of GN24 and GN26 are experimentally the same indicating an undetectable amount of 

initiator had decomposed. The signals in the carbonyl region between 170 and 180 ppm were assigned 
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according chemical shifts given previously for PAA synthesized by RAFT polymerization.[14] As 

mentioned above, larger molar mass oligoAA samples are soluble in water. AA9 and AA21 were analyzed 

by free solution CE previously and it was observed that there was a small amount of unreacted RAFT 

which is the most difficult component of the sample to completely dissolve in aqueous solvents. 

Therefore D2O was used to analyze these samples instead of dioxane-d8. The different NMR solvent 

gives slight changes in chemical shift but the same profile is observed. The signals corresponding to the 

H terminated end group were more resolved when D2O was used as the solvent and gave similar 

chemical shifts as what has been reported previously.[19]  

All the signals of the AA4 are found in the 13C NMR spectra of the block co-oligomer sample (Figure 5b), 

although the initiator signals and those from the unreacted RAFT agent are present with a lower 

intensity. The broadening of the backbone signals prevents the quantification of H terminated signals 

and initiator. The aromatic signals from the Sty units are present between 120 and 150 ppm. 

No acrylic acid dimers could be detected unlike for other polymerizations involving acrylic acid.[14, 20] 

No β-scission or recombination products were detected in the oligoAA or oligo(AA-b-Sty) within the 

sensitivity of the NMR measurements based on the signals reported previously and Chemdraw chemical 

shift predictions.[15, 21, 22] Furthermore H terminated end groups from Sty units were not 

detected.[21, 22]  

 

5.2 T1 estimations 

T1 values were overestimated using the inversion recovery pulse sequence shown in Figure S-15. Phasing 

the spectra the same way as a conventional 13C NMR spectrum recorded in the same conditions, each 

signal is negative for short delay values, positive for long delay values, with a zero crossing occurring at a 

τ value of T1 × ln 2.[23] When the delay τ is sufficient to produce a positive signal, an overestimated T1 

value can thus be determined as τ × 1.44 

 

Figure S-15. One-dimensional T1 inversion recovery pulse sequence used to estimate T1 for 1H NMR. The corresponding pulse 
sequence for 13C also contains a decoupling of the hydrogen nuclei during acquisition as described in [23]. 
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5.3 Equations used to calculate average chain length and composition 

The theoretical chain length was estimated using Equation S-8:[24] 

 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑐ℎ𝑎𝑖𝑛 𝑙𝑒𝑛𝑔𝑡ℎ =
𝑀0−𝑀t

𝑅𝐴𝐹𝑇+𝑑𝑓(𝐼0(1−𝑒𝑘d𝑡))
 (S-8) 

where RAFT refers to the initial RAFT agent concentration, M0 is the initial monomer concentration, Mt is 

the monomer concentration remaining at time t, I0 is the initial initiator concentration, d is the average 

number of chains formed from each radical–radical termination event ( since disproportionation 

products were not detected in the NMR spectra the value was taken as 1), f is the initiator efficiency 

which was 0.68 from reference [25] (value was determined in acetone at 70 °C thus it is assumed have 

little difference to the conditions used here), kd is the initiator decomposition constant which was 

extrapolated to be 9.28 × 10-6 s-1 from reference [26]. 

The Relative Standard Deviation (RSD) of the peak area of NMR signals was calculated from the Signal-

to-Noise Ratio (SNR) of the chain end signal using Equation S-9 which has been determined empirically 

previously.[27] The SNR of the chain end signal is determined using the ‘sino real’ command in the 

Bruker Topspin software.  

 𝑅𝑆𝐷 (%) =
238

𝑆𝑁𝑅1.28
 (S-9) 

The average chain length (DPn) was calculated using the following equations. 

 𝐷𝑃n =
𝑎𝑙𝑙 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑢𝑛𝑖𝑡𝑠

𝑎𝑙𝑙 𝑒𝑛𝑑 𝑔𝑟𝑜𝑢𝑝𝑠
 (S-10) 

For 1H spectra of oligoAA dissolved in dioxane-d8 GN14 (GN refers to Group Number as labelled in Figure 

3 and Figure 5) was used to represent the end groups as  

 𝐷𝑃n =  
𝐼(1.3−2.7 𝑝𝑝𝑚)−7𝐼(𝐺𝑁14)

3𝐼(𝐺𝑁14)
 (S-11) 

For 1H spectra of oligoAA in dioxane-d8 for taking into account the overlapping impurity signal and 

initiator signals: 

 𝐷𝑃n =  
𝐼(1.3−2.7 𝑝𝑝𝑚)−7𝐼(𝐺𝑁14)−𝐼(𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦)−1.4𝐼(𝐺𝑁14)

3𝐼(𝐺𝑁14)
 (S-12) 
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No initiator signals could be baseline resolved in 1H spectra but the 13C spectra show that the ratio of 

initiator to RAFT agent is 1:10 which is in agreement with the theoretical ratio. Therefore the 

overlapping initiator signals in the 1H spectra are equal to 1.4 times the peak area of signal 14.  

For 1H spectra of oligoAA and oligo(AA-b-Sty) in D2O with and without NaOD the HDO signal overlaps 

with GN14 while GN17 is clearly resolved (Figure S-5). In the oligo(AA-b-Sty) samples GN17 is broader 

with a sharper signal superimposed on top but the COSY of the sample indicates that it corresponds to a 

single signal (Figure S-29). Therefore Equation S-13 was used to calculate DPn for these spectra: 

 𝐷𝑃n =   
𝐼(0.5−3.0 𝑝𝑝𝑚)−3.5𝐼(𝐺𝑁17)−0.7𝐼(𝐺𝑁17)

1.5𝐼(𝐺𝑁17)
 (S-13) 

For 1H spectra oligo(AA-b-Sty) where THF-d8 is the solvent Equation S-13 was used as well except the 

overlapping solvent signal was subtracted using a blank spectrum of the solvent. 

For 13C NMR spectra a number of end group signals are resolved but the most accurate and precise DPn 

comes from using the signal which is baseline resolved and has the highest SNR. Therefore S20 was used 

for all solvents as it was confirmed by HMQC to not be overlapping with any other signals, thus Equation 

S-14 was used to calculate DPn: 

 𝐷𝑃n =   
𝐼(25−55 𝑝𝑝𝑚)−2𝐼(𝐺𝑁20)

2𝐼(𝐺𝑁20)
 (S-14) 

For short chain length oligomers such as AA4 the initiator signals are detected and overlap with the 

region stated in Equation S-14, therefore the initiator signals need to be accounted for using Equation S-

15: 

 𝐷𝑃n =   
𝐼(25−55 𝑝𝑝𝑚)−2𝐼(𝐺𝑁20)−2𝐼(𝐺𝑁26)

2𝐼(𝐺𝑁20)
 (S-15) 

Since with 13C the H terminated end group can be identified this signal was added to the DPn calculation 

to improve the accuracy. For spectra in dioxane-d8 GN11 corresponding to the H terminated end group 

is overlapping with GN18 and GN23. Therefore Equation S-16 was used: 

𝐷𝑃n =  =  
𝐼(25−55 𝑝𝑝𝑚)−2𝐼(𝐺𝑁20)−2𝐼(𝐺𝑁26)

2𝐼(𝐺𝑁20)+[𝐼(25−32 𝑝𝑝𝑚)−𝐼(20−25 𝑝𝑝𝑚)]
  (S-16) 

Only longer chain oligomers were dissolved in D2O and so the initiator signals are not detectable, while 

GN11 is more resolved. However, branching is also detected in these oligomers which generates an H 

terminated end group thus Equation S-17 was used for these spectra: 

 𝐷𝑃n =    
𝐼(25−55 𝑝𝑝𝑚)−2𝐼(𝐺𝑁20)

𝐼(𝐺𝑁20)+[𝐼(𝐺𝑁11)−𝐼(𝐺𝑁8)]
 (S-17) 
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The error can be determined for the DPn calculation in Equation S-17 using Equation S-9 on the small 

signals in the denominator (first 3 terms) plus incorporating the integration error as explained in the 

main article (last term in equation). This is shown in Equation S-18: 

𝑆𝐷(𝐷𝑃n) = 𝐼(𝐺𝑁20)
238

𝑆𝑁𝑅(𝐺𝑁20)1.28 + 𝐼(𝐺𝑁8)
238

𝑆𝑁𝑅(𝐺𝑁8)1.28 + 𝐼(𝐺𝑁11)
238

𝑆𝑁𝑅(𝐺𝑁11)1.28 +

0.07𝐼(𝐺𝑁11) (S-18) 

Where SD is the standard deviation. 

The Sty fraction was calculated as follows: 

 𝑆𝑡𝑦 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =    
𝑆𝑡𝑦 𝑢𝑛𝑖𝑡𝑠

𝑆𝑡𝑦 𝑢𝑛𝑖𝑡𝑠+𝐴𝐴 𝑢𝑛𝑖𝑡𝑠
 (S-19) 

For 1H spectra: 

 𝑆𝑡𝑦 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =    
0.2𝐼(𝐺𝑁30)

𝐼(0.5−3.0 𝑝𝑝𝑚)−3.5𝐼(𝐺𝑁17)
 (S-20) 

For 13C spectra: 

 𝑆𝑡𝑦 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =    
0.2𝐼(𝐺𝑁29)

𝐼(170−180 𝑝𝑝𝑚)+0.2𝐼(𝐺𝑁29)
 (S-21) 
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6. NMR Spectra 

6.1 Spectra for T1 estimations 

 

Figure S-16. iH NMR spectrum of AA3 dissolved in D2O obtained by an inversion recovery pulse sequence showing an 
overestimation of the T1 value for all signals to be 4 s.  
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Figure S-17. iH NMR spectrum of AA5 dissolved in D2O obtained by an inversion recovery pulse sequence showing an 
overestimation of the T1 value for all signals to be 4 s. 
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Figure S-18. iH NMR spectrum of AA4 dissolved in dioxane-d8 obtained by an inversion recovery pulse sequence showing an 
overestimation of the T1 value for all signals to be 5 s. 
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Figure S-19. iH NMR spectrum of AA4 dissolved in D2O with 1 mol equivalent of NaOD with respect to the AA units obtained by 
an inversion recovery pulse sequence showing an overestimation of the T1 value for all signals to be 5 s. 

 

Figure S-20. 13C NMR spectrum of AA4 dissolved in dioxane-d8 with respect to the AA units obtained by an inversion recovery 
pulse sequence showing an overestimation of the T1 value for all signals to be 5 s  (except for the solvent signal at 66.5 ppm and 
the signal of the carbonyl of the residual acrylic acid monomer at 167.1 ppm). 
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Figure S-21. 13C NMR spectrum of AA4Sty3 dissolved in THF-d8 with respect to the AA units obtained by an inversion recovery 
pulse sequence showing an overestimation of the T1 value for all signals to be 5 s (except for the solvent signals at 25.5 and 67.2 
ppm). 
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a) 

b) 

6.2 Spectra for branching identification in oligoAA 

 

Figure S-22. 13C NMR of AA21 dissolved in D2O. a) shows full spectra and b) the spectra between 0 and 60 ppm. The bottom 
(black) spectra are quantitative 13C spectra obtained by an inverse-gated decoupling sequence, the middle (green) ones are 13C 
spectra obtained by inverse recovery pulse sequence showing overestimated T1 values for all signals to be 3 s, the top (blue) 
ones are 13C DEPT-135 spectra. 
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Figure S-23. 13C NMR of AA9 dissolved in D2O. The bottom (black) spectrum is a quantitative 13C spectrum obtained by an 
inverse-gated decoupling sequence, the top (red) one is a 13C DEPT-135 spectrum. Insert shows region where the quaternary 
carbon from the branching point appears. 
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Figure S-24. Quantitative 13C NMR spectrum of AA11 dissolved in D2O obtained by an inverse-gated decoupling sequence. Insert 
shows region where the quaternary carbon from the branching point appears.  
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6.4 1H NMR spectra of oligoAA 

 

 

Figure S-25. 1H NMR spectra of various oligoAA dissolved in D2O. The top spectrum is of the AA3 sample after undergoing 
aminolysis. Numbers indicate the nuclei in the corresponding chemical structure shown in Figure 3. 
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6.5 13C NMR spectra of oligoAA 

 

 

Figure S-26. 13C NMR spectra of the small oligoAA samples dissolved in D2O. The top spectrum is the AA3 sample after 
undergoing aminolysis. Numbers indicate the nuclei in the corresponding chemical structure shown in Figure 3. 

 

 

 

 

 

 



S-33 
 

6.6 2D NMR Spectra 

 

Figure S-27. 1H-1H COSY spectrum of AA4 dissolved in dioxane-d8. The black line shows the correlations of the RAFT agent end 
group signals. The blue dashed line shows the correlations of the backbone signals. The purple dotted line shows the 
correlations of the monomer units next to the RAFT agent end group. 
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Figure S-28. 1H-13C HMQC spectrum of AA4 dissolved in dioxane-d8. The numbers correspond to the nuclei labelled in Figure 3.  

 

Figure S-29. 1H-1H COSY spectrum of AA4Sty2 dissolved in D2O with 1 mol equivalent of NaOD. Black line shows the correlations 
of the RAFT agent end group signals.  
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Figure S-30. 1H-13C HMQC spectrum of AA4Sty3 dissolved in THF-d8. Numbers correspond to the nuclei labelled in Figure 3. 

 

Figure S-31. 1H-1H COSY spectrum of AA4Sty3 dissolved in THF-d8. Red circle identifies signals linked to AA units next to RAFT 
agent end group. Black and blue circles identify signals linked to Sty units next to RAFT agent end group. 
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