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Introduction

Homopolymers and copolymers of acrylic acid (AA) have numerous diverse applications, from the large-scale production of surface coatings and superabsorbants [START_REF] Buchholtz | Polyacrylamides and Poly(Acrylic Acids)[END_REF] to the high-tech additives for controlled mineralization, nanoreactors, drug carrier systems. [START_REF] Colfen | [END_REF] However the free-radical polymerization of AA is very complex [3,4] and the characterization of AA-based polymers is difficult. [5] Nevertheless, some researchers have been able to control molar masses in the free-radical polymerization of AA using RAFT agents [6] and nitroxides, [7] which have led to well-defined (although not uniform i.e. not "truly monodisperse") polyor oligo(acrylic acid) chains. The controlled synthesis of oligo(acrylic acid), oligoAA, by RAFT is a key step in the synthesis of new types of coatings. [8] These oligomers are also good models to test and compare different possible characterization methods for poly(acrylic acid) (PAA).

Aqueous size exclusion chromatography (SEC) is currently the most widely used technique for the separation of synthetic polyelectrolytes, but has many difficulties. The separation assumed to be based on size exclusion proves to be strongly disturbed by adsorption phenomena, [5] and there is some controversy about the SEC of PAA. Aqueous SEC of PAA and SEC of methylated PAA in tetrahydrofuran yield significantly different molar mass distributions, [9] while dimethylacetamide has also recently been proposed as an eluent. [5] While capillary electrophoresis (CE) is widely used to separate biomacromolecules, its application to synthetic polymers is recent. [10] In the case of synthetic polyelectrolytes, CE proved to give higher resolution than electrophoresis. [11][12][13][14] Oligo(styrene sulfonate), oligoSS, can be completely resolved by capillary zone electrophoresis (CZE) up to a degree of polymerization Nmax of 9. [15] The separation of high molar masses has been conducted using capillary gel electrophoresis, CGE, [10,[START_REF] Engelhardt | Characterization of synthetic polyelectrolytes by capillary electrophoretic methods[END_REF] leading to a better resolution in a shorter time than SEC.

No separation of PAA had been attempted using CZE. [START_REF] Hoagland | [END_REF] CGE coupled to mass spectrometry has been applied to oligoAA, [18] but the separation was poor, with identification based on mass spectrometry.

The objective of the present Communication is to show that CZE could be applied successfully to the quantitative analysis of the molar mass distribution of this oligomer.

Experimental

Oligomerization of Acrylic Acid

Four oligoAAs were synthesized targeting different theoretical molar masses and the synthesis by RAFT polymerization described in detail elsewhere. [8] 

Electrospray Ionization Mass Spectrometry (ESI MS)

The experimental conditions for ESI MS analysis of oligoAA have been described elsewhere [8] and are repeated in the supporting information. The four oligoAAs are denoted by the degree of polymerization N corresponding to the maximum intensity on the ESI spectra: AA2, AA5, AA7 and AA15. Figure 1 shows the ESI MS spectrum of AA15; that of an oligoAA very similar to AA5 was shown previously, [8] while that of AA2 is given in the supporting information.

According to the ESI MS spectra, the majority of the oligoAA chains have the chemical structure depicted in Figure 1 (see discussion in ref [8] ). Most chains should have the RAFT agent-derived propanoic acid group at one end and the remaining part of the RAFT agent at the other. It is emphasized that ESI MS (without chromatographic separation) suffers from mass discrimination: [19] it allows very accurate measurement of molar masses but does not give the true molar mass distribution, and some higher molar masses might be present but undetected.

Size Exclusion Chromatography

The SEC and conditions described previously by Ferguson et al. [8] for acrylic acid based block oligomers were applied to the present oligoAA.

Capillary Electrophoresis

CZE experiments were carried out using an Agilent 3D CE system (Agilent Technologies, Waldbronn, Germany) equipped with a diode array detector. The capillary was thermostatted at 25 °C for all separations. Polyimide-coated fused silica capillaries (50 m i.d., Polymicro Technologies, Phoenix, AZ, USA) of total length 40 cm (31.5 cm to the detector) were pretreated by rinsing for 5 min with 1 mol•L -1 NaOH before use. Buffers were prepared from 20-1000 mmol•L -1 boric acid, titrated to pH 9.2 with one of lithium, sodium or potassium hydroxide. AA5, AA7 and AA15 were first dissolved in pure water at a concentration of 10 g•L -1 , then diluted with buffer and water, in order to reach concentrations between 0.5 and 7 g•L -1 (the concentration leading to optimal resolution increases with N). Due to the reduced solubility in water, the RAFT agent and AA2 were dissolved in 50 m mol•L -1 lithium borate at 10 g•L -1 then diluted to 0.5 g•L -1 with water. All injections were hydrodynamic, i.e. pressure (50 mbar) was applied during the injection time (between 10 and 20 s) on the vial containing the sample and the capillary end. Detection was at 200, 250, 290 and 340 nm (see supporting information) with 290 nm corresponding to the maximum absorption in the UV spectrum of the RAFT agent. [20] 

Results and discussion

Separation by Capillary Zone Electrophoresis, Comparison with SEC

With a normal cathodic electroosmotic flow, EOF, separation of the oligoAA samples was achieved in a counter-EOF mode as shown in Figures 234. The electrophoretic mobility of each of the oligoAAs is, as expected, negative and is also weaker than the EOF (see supporting information). This is consistent with the same observations made for oligoSSs (using CZE with bare fused silica capillaries). [15] The separation of these oligoAAs was also carried out by SEC (see insert in Figure 3 and supporting information) with an eluent composed of THF and acetic acid (and alternatively an aqueous disodium phosphate buffer).

The SEC resolution was significantly lower than that of CZE. In fact, to our knowledge, SEC of oligoelectrolytes has never achieved oligomeric resolution.

Water-soluble oligomers based on AA had been thoroughly investigated with a SEC system different from that described here: [21] aqueous SEC with 0.01 mol•L -1 NaBr; this yielded only monomodal chromatograms. The high resolution separation achieved by CE indicates that this is a highly suitable technique for understanding the oligomerization taking place in the aqueous phase during emulsion polymerization involving AA, which is common industrially, and indeed any water-soluble oligomers. [22] The oligomerization process does not necessarily involve only charged monomers, and CE can also be applied to non-charged monomers, especially if the initiator, typically potassium persulfate, leads to end-charged oligomers. Isotachophoresis has previously been used to characterize water-soluble oligomers produced during emulsion polymerization of styrene (i.e. no water soluble comonomer being present). [23] Since then, significant progress have been achieved in CE, including a detailed study of the separation of end-charged synthetic polymers by the group of Cottet. [24] 

Repeatability of the Separation

The electropherograms obtained were qualitatively repeatable (as long as the current is not too high), although migration times were not systematically highly repeatable even after electro-osmotic flow correction (see supporting information for repeatability tests and electroosmotic flow correction). This problem can be overcome by using two electrophoretic markers, i.e. not only the peak corresponding to electro-osmotic flow but also a marker whose electrophoretic mobility is higher than any of the oligoAAs and which would thus migrate in the last position. Possible explanations are slight adsorption of oligoAA on the capillary walls and/or a strong Joule heating effect. In the case of PAA, Hoagland [START_REF] Hoagland | [END_REF] considered that there is no adsorption on the capillary wall in a similar system to the present, but observed a strong Joule heating effect. The studies of Garcia et al. [18] using CGE did not use thermostatted capillaries, suggesting that the authors did not consider Joule heating to be a significant effect, but no information was given on the repeatability of the separations. In the present paper work it is assumed that some slight adsorption of oligoAA on the capillary walls takes place and the repeatability should thus be greatly improved by using suitable coated capillaries to eliminate this interaction. It is also expected that Joule heating will play a role, since the currents are very high (typically 150 A, see Figures 2 to 4) due to the very high buffer concentration that has been used. [START_REF] Foret | Capillary Zone Electrophoresis[END_REF] Despite this Joule heating, the increase in resolution due to the decreased EOF compensates for any reduction in the peak efficiency, and thus there is no deleterious effect on the overall separation.

Influence of the Buffer Concentration and Counterion

Figure 2 shows that an increase in buffer concentration leads to lower electrophoretic mobilities and thus longer migration times, a phenomenon also observed by Cottet et al. [15] for oligoSS separation. The best separation of oligoSS was obtained in pure water. The EOF decreases when buffer concentration increases; thus, in this counter-EOF mode, resolution should increase together with the separation time. [START_REF] Foret | Capillary Zone Electrophoresis[END_REF] This is what we observed with oligoAA: increasing the buffer concentration increases the resolution. An interesting alternative would be to use coated capillaries for oligoAA separation, in order to entirely eliminate the EOF, and then perform the separations in a negative electric field (i.e. anodic EOF) and with significantly lower buffer concentrations (improving then the repeatability).

Borate buffers were prepared using three different counterions: lithium, sodium or potassium. Using either potassium or sodium borate, similar separations were observed, with the difference in the separations probably due to differences in conductivities. Using a too high buffer concentration leads to excessive current and no separation; therefore, at the same buffer concentration, sodium borate gives higher resolution than potassium borate, because it induces a lower current for the same buffer concentration. On the contrary, lithium borate gives a qualitatively different separation from the previous two (see Figure 3 and supporting information). All separations obtained with lithium borate exhibit two sharp well resolved peaks followed by several partially resolved peaks; the separation with sodium or potassium borate shows three more resolved in between. Such changes in the separation selectivity have also been observed in other synthetic polyelectrolytes, namely N-phenylaniline oligomers, using non-aqueous CE. [START_REF] Cottet | [END_REF] In the case of oligoAA, this might be linked to differences in chain conformation (see next paragraph) or ionization [START_REF] Hoagland | [END_REF] , depending on the counterion. To discuss the mechanism of the separation, we focus on the separation using lithium borate, since it is the most straightforward to make a preliminary assignment.

Mechanism of the Separation with Lithium Borate

Figure 4 shows electropherograms obtained for the different oligoAA samples and the RAFT agent. The RAFT agent was identified by injecting it alone (bottom curve on figure 4); it migrates first. Using a high concentration of RAFT agent during the polymerization, an oligoAA composed mainly of N =1 and 2 was obtained (see ESI MS in supporting information). On figure 4, comparing AA2 with the others, the second peak is assigned to N = 1, followed by migration of the highest molar masses, represented by AA15. The peaks for oligomers with intermediate N can not accurately be assigned at this time, however Figure 4 shows that the oligomers with N > 1 migrate after the highest N.

In the case of oligoSS, oligomers with N values from 1 to 9 were detected with increasing migration times. [15] The separation mechanism was determined by measuring the evolution of electrophoretic mobility (ep) with molar mass. ep increases rapidly for degrees of polymerization below Nmax, then decreases slowly and reaches a constant value around Nplateau ≈ 100 for PSS. [27] The initial increase of ep may be linked to a rod-like conformation for the short oligomers in solution. The increase of the friction with increasing N is slower for a rod-like conformation than for a random coil conformation. Thus, as long as the rigid-rod conformation holds, ep increases rapidly with charge, i.e. with the degree of polymerization in the case of a homopolyelectrolyte. Increasing N leads to a progressive change from a rodlike to a coil conformation and thus to progressive higher friction: ep increases more slowly then decreases. ep reaches a constant value at high N values when the oligomer is in the coil conformation for which the increase of friction and charges counterbalance. The mechanism appears to be qualitatively the same for oligoAA. However, the oligomers of N = 15 were detected after the oligomers of N > 6 in the case of the oligoSS. With oligoAA, the oligomers of N = 15 are detected before the oligomers of N = 2. Nmax may thus be lower for oligoAA than for oligoSS. This difference may be explained by the difference of rigidity between the polyacrylate and PSS backbones. The polystyrene backbone is far less flexible than that of the polyacrylate, as indicated by the difference in glass transition temperatures of uncharged homologues. [START_REF] Kine | Acrylic and methacrylic acid ester polymers[END_REF][START_REF] Andrews | Glass transition temperatures of polymers[END_REF] Thus the very short oligoAA should behave like a rigid rod below a Nmax significantly lower than that of oligoSS.

Conclusion

OligoAAs have been separated for the first time by capillary zone electrophoresis. The mechanism of the separation is qualitatively the same as for oligoSS. The separation is complex (the detection order goes back and forth against N), but it has a high resolution that has never yet been achieved by size exclusion chromatography (for oligomers). These results open the way to accurate and high resolution characterization of oligoAAs and of block copolymers such as oligo(AA-b-styrene) which play a key role in RAFT emulsion polymerizations [8] . While CZE can be used to characterize oligoAA, the use of capillary electrophoresis can be extended to the separation of higher molar masses using capillary gel electrophoresis. Electro-osmotic flow is marked by a vertical arrow. In the case of AA2, an effective mobility correction was carried out using the N = 1 peak.
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where l is the length between the inlet and the detection windows of the capillary (here 31.5 cm), L is the total length of the capillary (here 40 cm), V is the electric field, t is the migration time of the sample and teo is the migration time of the neutral species. 
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 :12 Figure: Electropherograms of different acrylic acid (AA) oligomers obtained by capillary zone electrophoresis
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 3 Figure 3: refractometer and right-angle light scattering traces of AA5, AA7 and AA15.Aqueous SEC with 0.1 mol•L -1 Na2HPO4. Shimadzu-Wyatt system (fully described in S.A.
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 4 Figure 4: Electropherogram of AA5 (0.5 g . L -1 ) with the two types of buffer: potassium borate
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 5 Figure 5: Mechanism of our separation by free solution Capillary Electrophoresis
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 6 Figure 6: Repeatability of the injections. On the left, the electropherogram of two repeatability tests. On the right, the same plot but with electrophoretic mobilities.
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 7 Figure 7: Comparison of the electropherograms obtained at different wavelength: 200 nm (blue, top), 250 nm (green, middle), 290 nm (red, bottom). The electropherograms obtained with AA5 at 0.5 g•L -1 , in lithium borate at 500 mmol•L -1 , V = 20 kV, I = 187 A. The different wavelengths give qualitatively similar electropherograms. However, 250 nm yields the least intense signal. 200 nm yields equivalent intensity; however, at this wavelength not only the RAFT agent but also the acrylic acid unit may absorbs, leading to very complex situation.
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 8 Figure 8: ESI MS of AA2. For all the samples in this article, the conditions are the same as the ones given in Ferguson, C. J.; Hughes, R. J.; Nguyen, D.; Pham, B. T. T.; Gilbert, R. G.; Serelis, A. K.; Such, C. H.; Hawkett, B. S. Macromolecules 2005, 38, 2191: electrospray Mass Spectrometer Analysis was carried out using a Finnigan Mat LCQ MS detector with Finnigan LCQ Data Processing and Instrument Control Software. Ten microgram samples were dissolved in 10 mL of 50:50 methanol/H2O and fed into the electrospray ionization unit at 0.2 mLmin -1 . The electrospray voltage was 5 kV, the sheathing gas was nitrogen at 415 kPa, and the heated capillary was 200 °C.
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