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Introduction

Separation of polymers is particularly challenging. A polymeric sample contains at least hundreds of molecules differing by their molecular weight (and also possibly by their topology, copolymer composition, etc.). Size-exclusion chromatography (SEC, also known as GPC) is the most widely used method to separate and characterize polymers. [START_REF] Striegel | Modern Size Exclusion Chromatography[END_REF] SEC however does not separate according to molecular weight, but according to hydrodynamic volume. [START_REF] Grubisic | [END_REF][3][4] To determine molecular weights, the most common method is using a single detector (concentration-sensitive), a calibration curve and the Mark-Houwink-Sakurada relation to relate the hydrodynamic volume of the analyte to that of the standards. [5] This method is however misleading since the error on the determined molecular weight strongly depends on the molecular weight itself and artefacts can appear. [6] Furthermore, the Mark-Houwink-Sakurada relation is not valid for low molecular weights or high molecular weights or branched polymers [7]. Method development in SEC has been devoted mostly to detection in the last 30 years. One breakthrough was the development of reliable viscometers that can be used as online detectors for SEC. [8][9][10] Viscometers allow determining the product of the intrinsic viscosity and the concentration. They are used in the literature in conjunction with a concentration-sensitive detector, typically a differential refractive index detector. There are however a number of limitations. A general limitation is that the difference in sensitivity of the detectors can lead to some artefacts where the signal-to-noise is too weak on one of the detectors. [11] A specific limitation is that a number of important polymers have a refractive index close to the one of common eluents. Poly(N-vinyl pyrrolidone) is a polymer used in pharmacy and many other fields. [12] Its SEC is best performed in N,N-dimethyl acetamide (DMAc). [13] The use of tetrahydrofuran (THF) as eluent is precluded by poly(N-vinyl pyrrolidone)'s iso-refracticity in this eluent, even though THF would be advantageous in terms of prize and safety compared to DMAc. Polysaccharides are commonly analysed in aqueous eluents, but their solubility is then generally not repeatable, such as in the case of starch. [14][15] Polar organic solvents have thus been used for SEC separations especially dimethyl sulfoxide (DMSO) [16] and DMAc [17]. These solvents allow to obtain highly repeatable separations. [18] However, the signal-to-noise ratio is low since the difference in refractive index of polysaccharides and DMSO or DMAc is low. Polysaccharides do not absorb in UV in these polar organic solvents. Labelling is possible, [18][19] but this additional step is generally not used. Low signal-to-noise ratio as obtained with the refractive index detector are however not desirable, since it can lead to important artefacts in the determination of molecular weight by multiple-detection SEC. [11,20] Finally, industrial polymers are generally copolymers so that they can combine different properties. A gradient in composition is however often leading to changes in specific refractive index increment dn/dc across the chromatogram. The refractive index detection is thus generally tedious or misleading to use for statistical copolymers, [21] which are industrial ones but are also natural polymers such as galactomannans [22] or chitosan [23].

Goldwasser proposed to use the viscometer as a single detector. [24][START_REF] Goldwasser | Proceedings of the International GPC symposium Waters[END_REF] Using the universal calibration curve and the viscosity detector, he showed that the number-average molecular weight, Mn, can be determined. Mn is one of the most important quantities determined using SEC for example for macromolecular engineering (controlled and living polymerization) [6]. This method is applicable to isorefractive polymers or copolymers.

Alternative methods to determine Mn are also of high interest since Mn appears to be the quantity determined in SEC with the lowest accuracy. [START_REF] Berek | IUPAC congress/ general assembly[END_REF][START_REF] Bruessau | [END_REF] The Goldwasser method has however attracted little attention. It was successfully tested on model polymer blends [28], poly(tetramethylene glycol)s [29] and branched polystyrenes [30]. In the polyglycols case, the Goldwasser method however suffered from a lower precision and some bias toward high values of Mn compared to SEC with conventional calibration or end-group detection. The first aim of the present work is thus to test the limits of the Goldwasser method. Second, we will study the applicability of the method to the determination of hydrodynamic volume distributions. Determination of molecular weight distributions by SEC can be plagued by a very low accuracy in the case of statistically branched polymers such as polyacrylates. [7,31] We thus proposed to use hydrodynamic volume distributions to characterize branched glucans [32] or copolymers. [33] Considering the derivation of detector signals, [34] the Goldwasser method can also be used to determine the number hydrodynamic volume distribution. This feature can significantly increase the potential of Goldwasser method and is tested in this work.

Materials and methods

The SEC equipment and the materials (eluents, standards) have been previously described in details in reference [20] and also its supporting information. The system consists of a Triple Detector Array (TDA, Viscotek) fitted with Polymer Laboratories columns and operated at 1 mL•min -1 in THF. The recovery is quantitative and the validity of universal calibration has been tested with this system including for low molecular weights. The polystyrene standards ranging from 162 to 257,000 g•mol -1 (molecular weight at peak maximum, Mp) were obtained from PSS (Mainz, Germany), polystyrene standards ranging from 2,790 to 3,800,000 g•mol -1 (Mp) from Viscotek (Orsay, France). All these standards have been used to obtain the universal calibration curves presented in [20]. Some of these standards have been used to test the Goldwasser method, when their injection concentration was accurately known (see Supporting Information). The poly(methyl methacrylate) standards were obtained from Polymer Expert (Bordeaux, France). The injection loop has been carefully calibrated (volume 53.6 L).

We are going to re-derive Goldwasser's equations in a more general way, taking band broadening into account [28,35] including possible heterogeneity due to branching or copolymer composition and following the formalism we recently proposed. [34] One of the definitions of the Mn is: [START_REF] Flory | Principles of Polymer Chemistry[END_REF] 
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where tel is the elution time, M is the molecular weight, G'(tel, M) is the band-broadening function due to axial dispersion, W'(M, Vh) is the weight distribution of molecular weights M and hydrodynamic volumes Vh, N'(M, Vh) is the number distribution of molecular weights M and hydrodynamic volumes Vh. When the apparent recovery is quantitative:
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where Cinj is the injection concentration and Vinj is the injection volume.

Band-broadening leads to the determination of a number-average hydrodynamic volume at each elution time. [35] The definition of the number-average hydrodynamic volume is: [34] Vh,n
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Combining equations (1) to (3) yields:
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Using the definition of hydrodynamic volume in equation ( 5), [32] Mn can be expressed as equation ( 6):
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where ['(M,Vh)] is the intrinsic viscosity of a chain with molecular weight M and hydrodynamic volume Vh, and NA is Avogadro's number.
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According to equation (41) of reference [34], the viscometer signal Svisc is expressed as:
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Equation ( 6) can thus be written as:
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This corresponds to the formula used by Harrison and Mourey [29], Yau [35] or Netopilik et al. [30] assuming no band-broadening:
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It slightly differs from the original Goldwasser expression by the constant used (originating in a different definition of the hydrodynamic volume): [24][START_REF] Goldwasser | Proceedings of the International GPC symposium Waters[END_REF] 
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where  is the Flory parameter. Note that band broadening due to axial dispersion is neglected for the practical calculations below, because taking it into account would require assuming or determining the equation describing G'(tel, Vh). Band broadening due to axial dispersion is equipment-dependent, thus it can hardly be guessed. Furthermore, the determination of an actual band broadening equation is tedious and outside the scope of the current work. [START_REF] Baumgarten | [END_REF][38] In our previous works, we have been using the same definition as Goldwasser [34] for the hydrodynamic volume but moved to another more universal one (equation 5). [32] On a practical point of view, we used in our calculation the universal calibration curve, which is fitted by a 3 rd order polynomial:
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The Mns have thus been calculated independently from the slightly differing definitions of the hydrodynamic volume using the relation:
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Goldwasser's derivation is related to the previous one from Hamielec, who explained why "conventional" viscometry leads to a local number average molecular weight at each elution volume or hydrodynamic volume: [5,34,39] Mn(Vh). Light scattering yields Mw(Vh). When the local dispersity, Mw(Vh)/ Mn(Vh), is significantly greater than one, then the accuracy of the determined molecular weight distribution is limited. [31] The hydrodynamic volume distributions can be used instead. Goldwasser's derivation allows determining the number hydrodynamic volume distribution with single-detector distribution. Combining equations ( 5) and (7):
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Taking equation ( 3) into account yields:
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and after a change in variable from Vh to tel:
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where el t V d dlog h is the derivative of the universal calibration curve. Assuming now no band broadening, V'h,n(tel) is reduced to Vh and G'(tel, Vh)=1:
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The number-average hydrodynamic distribution is:
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Now combining equations 16 and 17:
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For calculations, the following formula has been used:
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Calculations were performed using Excell and Origin software.

3 Results and discussion

Importance of the injection concentration

The value of the injection concentration is not given in the original Goldwasser works. [24][START_REF] Goldwasser | Proceedings of the International GPC symposium Waters[END_REF] In the case of high molecular weight, it is however important to ensure that no shear degradation takes place in the injector due to too high viscosity. [40] The method will gain additional interest if we can determine the hydrodynamic volume distributions. This implies to prevent overloading, ie to keep injection concentration low enough to avoid viscous fingering. [41][42] The maximal injection concentration has been estimated in this work following the empirical relation proposed by Moore. [42] The Goldwasser method has then been tested by determining Mn of polystyrene standards at half the maximal injection concentration and the maximal concentration. Polystyrene yields the most reliable standards for SEC. THF is one of the safest eluents to avoid interactions with the stationary phase (using a styrene-divinyl benzene column as used in this work). Standards of two different manufacturers were used. The molecular weights of these standards were confirmed to be as given by the manufacturer by extensive measurements of their molecular weights by triple detection, low-angle laser light scattering and the "conventional" viscometric method using refractive detection and the universal calibration curve, as detailed in supporting information of reference [20]. Figure 1 shows the Mn values as determined by the Goldwasser method against the reference values. Reliable Mn values are not obtained at half the maximum injection concentration (as calculated using Moore empirical relation). The Mn values are rather over-estimated as observed also by Harrison and Mourey, [29] although it is not the case anymore above 600,000 g/mol. From 600, 000 to 4,000,000 g/mol, the Mn values are indeed under-estimated. It is thus not possible to predict if the Goldwasser method will rather underestimate or overestimate the Mn values when unknown samples are measured. It is necessary to inject at the maximum concentration in this case. This importance of the signalto-noise ratio was already reported by Goldwasser: the precision of his determinations was ±10 % in SEC, while it was going down to ±2 % by removing the columns. The latter leads to higher signal-to-noise ratio, but prevents from determining any distribution such as the hydrodynamic volume distribution. In addition to baseline determination, [24][START_REF] Goldwasser | Proceedings of the International GPC symposium Waters[END_REF] the injection concentration is thus an important parameter to optimize in order to use the Goldwasser method without compromising the possibility to determine distributions. Signal-to-noise ratio is known to be an important parameter in multiple-detection SEC. [11,20] It also plays a role in the single-detector method that Goldwasser method is.

Note that Mn values determined using the Goldwasser method at maximal injection concentration are close to the diagonal when plotted against theoretical value, but a slight difference of slope can be visually observed on Figure 1. Mn is however the least reproducible and least accurate molecular weight quantity that can be determined using SEC. [START_REF] Berek | IUPAC congress/ general assembly[END_REF][START_REF] Bruessau | [END_REF] Accuracy of 15 % is the best that can be expected and the deviation observed on Figure 1 is thus not significant.

Number hydrodynamic volume distributions, N(Vh) by the Goldwasser method

Number hydrodynamic volume distributions, N(Vh), have been determined in this work using equation ( 19) derived above and relying on the use of a single-detector (and the knowledge of the universal calibration curve for the chromatographic system in use). The weight and then number hydrodynamic volume distributions were also determined using the more conventional double detection method relying on viscometry, refractive index detection and the universal calibration curve. In that case, we use equation (65) from reference [34] to calculate w(logVh). Equation ( 4) from reference [32] then allows to convert w(logVh) into W(Vh) or N(Vh). The local number-average molecular weight, Mn(Vh), is required to use equation ( 4). It is determined from the same double detection system (refractive index detection + viscometry + universal calibration curve) as demonstrated and tested in [20]. For the same reasons, single-detector (Goldwasser) method can lead only to the number distribution, N(Vh). This distribution requires the knowledge of Mn(Vh) to be converted to W(Vh) or N(Vh), which is not possible using the single-detector Goldwasser method.

The determination of the number hydrodynamic volume distribution is first tested on a mixture of four poly(methyl methacrylates) standards (Figure 2). The SEC hydrodynamic volume distribution, w(logVh) makes it possible to see the four components. It is not the case using the number distribution N(Vh). This highlights the fundamental differences between both types of distributions. The number distributions determined by double detection (refractometer-viscometer) or single-detection (viscometer) agree well with each other for the high molecular weights. A strong discrepancy is however observed for oligomers, but this corresponds to low signal region and no method is expected to be accurate in that region.

The Goldwasser method is then further tested with branched polyacrylates. Previous tests of the determination of Mn of branched polystyrenes by Netopilik et al. has been successful. [30] The method is now tested for the determination of the number hydrodynamic volume distribution. Long chain branching in polyacrylates can be observed following a controlled polymerization process (namely nitroxide-mediated polymerization [43]) at high conversion targeting high molecular weights. Local dispersity up to values of two [20] are observed and this poly(n-butyl acrylate) is thus a good example of cases when SEC cannot determine molecular weight distribution accurately because of long-chain branching. [31] The number distributions are compared on Figure 3 and appear to agree. The same comparison is done with another branched polyacrylates, poly(ethyl acrylate), which is a model for adhesives. [44] The general agreement is confirmed (Figure 4). This sample however illustrates very well the difference between the two methods on the lower size side. For hydrodynamic volume lower than 10 nm 3 , no number distribution is obtained by double detection. This is because Mn(Vh) cannot be measured with some accuracy in this range.

Mn(Vh) can be averaged from duplicate injections to reduce noise and then fitted using a polynomial. The number distributions obtained by double detection are thus expected to be generally more precise than the Goldwasser, as soon as the dn/dc is high enough. The Goldwasser method does not allow any meaningful averaging or fit of the data when hydrodynamic volume distributions are determined. The Goldwasser method is however functioning on a broader range of sizes since it is based on a single-detector. One limitation of multiple-detection SEC is the difference of sensitivity of the different detectors: this likely prevents determination of the hydrodynamic volume on the low hydronamic volume side in this work using double-detection SEC. The use of single detector allows thus to determine size distributions on a broader size range, which is particularly helpful for broadly-distributed samples.

Complexity of polymeric materials is steadily increasing with the number and difficulty of their applications such as for biomaterials or food. Progresses in separation of polymers are of the highest importance to deal with the complexity of the new materials.

Research in new separation methods such as field flow fractionation [45] or liquid adsorption chromatography [46] is gaining momentum. SEC has however more to offer than currently exploited. Viscometric detection has thus more potential than commonly considered. We revisited the Goldwasser method. It has been proposed to determine Mn, but it has known very few applications till now. Different reasons exist, among them the important role of band broadening [35] and the importance of optimal signal-to-noise. The application of the Goldwasser method to branched polymers has on the other hand a high potential to determine number hydrodynamic volume distributions. Their determination has been successfully tested for poly(methyl methacrylates) standards as well as branched polyacrylates. The Goldwasser methods rely on the validity of universal calibration, which needs to be checked for every new combination of stationary phase, eluents and analyte and is still the source of some controversy [30]. This is currently a limitation for important system such as starch in polar organic solvents, DMSO [16] or DMAc [17], where the validity of universal calibration is still to be convincingly demonstrated. [18] The determination of number-hydrodynamic volume by the Goldwassser method has also clearly potential for the characterization of copolymers.
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Figure 1 :

 1 Figure 1: Number-average molecular weight, Mn, determined by single-detector viscometry (Goldwasser method) against reference Mn for a range of polystyrene standards. Red circles show injections done at the maximal injection concentration and black triangles show injections done half the maximal injection concentration. The diagonal is shown as a black line as a guide to the eyes.

Figure 2 :

 2 Figure 2: Hydrodynamic volume distributions of poly(methyl methacrylate) determined by single detection viscometry (full black line) and double detection (dashed or dotted red line). SEC hydrodynamic volume distributions, w(logVh) is indicated as dotted red line obtained by double detection. Number distributions are indicated as full black line and dashed red line.

Figure 3 :

 3 Figure 3: Hydrodynamic volume distributions of poly(n-butyl acrylate) determined by single detection viscometry (full black line) and double detection (dashed or dotted red line). Weight hydrodynamic volume distributions, W(Vh) is indicated as dotted red line obtained by double detection. Number distributions are indicated as full black line and dashed red line.

Figure 4 :

 4 Figure 4: Hydrodynamic volume distributions of poly(ethyl acrylate) determined by single detection viscometry (full black line) and double detection (dashed or dotted red line). Weight hydrodynamic volume distributions, W(Vh) is indicated as dotted red line obtained by double detection. Number distributions are indicated as full black line and dashed red line.
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