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ABSTRACT: Series of polymers of various molar mass, chemical composition and molecular architecture was analyzed by size exclusion chromatography (SEC) coupled with a multi-angle light scattering (MALS) photometer and an online viscometer. The molar mass averages were determined from the signal of MALS or calculated from the intrinsic viscosity and universal calibration. The comparison of the obtained results showed significant differences between the two methods. The MALS detection was shown to be more accurate for the determination of the weight-average molar mass and less vulnerable to the spreading of polymer peak by band broadening. The universal calibration can yield more accurate estimation of the number-average molar mass of branched polymers. It is also significantly more accurate for the characterization of fluorescent polymers than MALS with a regular laser of 660 nm.
INTRODUCTION
Universal Calibration and Online Viscometer
[bookmark: _Ref519676106][bookmark: _Ref519676769]The concept of universal calibration (UC) in size exclusion chromatography (SEC) dates back to 1967 when the group of French scientists around Professor Henri Benoit showed the plot of logarithm of the product of the weight-average molar mass and the intrinsic viscosity versus elution volume to fit to a common line regardless of the chemical composition or structure of the polymers under analysis.[endnoteRef:1] The idea of universal calibration was later on confirmed for structurally diverse polymers by means of SEC with multiple detectors.[endnoteRef:2] In contrast to the original paper by Benoit at al.,1 Hamielec and Ouano showed theoretically and experimentally on branched poly(vinyl acetate) that the correct molar mass average to use for the universal calibration parameter is not the weight-average, but the number-average.[endnoteRef:3] Nevertheless, nowadays the UC is mostly established by narrow polymer standards and thus the type of average becomes unimportant.    [1:  Grubisic, Z., Rempp, P., and Benoit, H. J. Polym. Sci. Part B: Polym. Let. 1967, 5, 753–759.]  [2:  Jackson, C., Chen, Y.-J., and Mays, J. W. J. Appl. Polym. Sci. 1996, 61, 865–874.]  [3:  Hamielec, A. E., and Ouano, A. C. J. Liq. Chromatogr. 1978, 1, 111–120.] 

The application of the principle of universal calibration at the time of its invention was solely the recalculation of the calibration based on narrow polymer standards to the calibration valid for a polymer of different chemical composition using the equation:

[bookmark: _Ref518736773]1
where M is the molar mass, the subscripts P and S refer to the polymer under analysis and standard used to calibrate SEC columns, respectively; and K and a are the constants of the Mark-Houwink equation:

[bookmark: _Ref528677491]2
where [η] is the intrinsic viscosity. The derivation of Equation 1 is based on the fact that at a given elution volume the macromolecules of identical hydrodynamic volume elute regardless of their chemical and molecular structure. The hydrodynamic volume Vh of a polymer coil in solution is given by equation:
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where NA is the Avogadro´s number and γ is a parameter related to the shape of polymer coil. Equation 1 is simply obtained by equaling the hydrodynamic volumes of the standard and polymer being analyzed, entering the parameters of Equation 2 and rearranging. The applicability of Equation 1 is limited by the availability and correctness of the constants K and a that are often unavailable for the polymers requiring analysis. In addition, the calibration according to Equation 1 cannot be used for branched polymers for which the exponent a decreases with increasing degree of branching.
The development and commercialization of online viscosity (VIS) detectors[endnoteRef:4] allowed full use of the idea of UC as it was possible to calibrate the SEC columns with one polymer standard (mostly narrow polystyrene), and then to use the established UC relation to calculate the molar mass at each volume slice Vi from the intrinsic viscosity [η]i determined for that slice by the viscometer. It can be noted that the most straightforward determination of the molar mass from the data of VIS is by means of Mark-Houwink equation, which, however, requires the knowledge of reliable Mark-Houwink constants for the polymer being analyzed, and thus this approach is of the same limitation as the transformation of the conventional calibration curve by means of Equation 1. [4:  Haney, M. A. J. Appl. Polym. Sci. 1985, 30, 3023–3036.] 

In SEC-VIS the slice intrinsic viscosity [η]i is calculated directly from the specific viscosity ηsp,i by neglecting the concentration dependence of the specific viscosity:

[bookmark: _Ref519061121]4
where ci is the concentration at the ith elution volume slice Vi determined by a refractive index (RI) detector according to:

[bookmark: _Ref518737638]5
where α is the calibration constant of RI detector in refractive index units per volt (RIU/V), Ss and Sb are the signals in volts of sample and baseline, respectively; the subscript i indicates the ith elution volume slice, and dn/dc is the specific refractive index increment of a polymer in a given mobile phase. Neglecting the concentration dependence of the specific viscosity is justified by the fact that the concentrations of molecules eluting from SEC columns are significantly lower compared to the concentrations used in classical determination of intrinsic viscosity by Ubbelohde capillary viscometer (typically the concentration at polymer peak apex is one tenth of the minimum concentration used in conventional extrapolation procedure). In addition, a single concentration formula (e.g., Huggins) can be used to compensate the concentration dependence of specific viscosity, yet this mostly has minimum effect on the obtained intrinsic viscosities.
Specific viscosity for each Vi is determined from the pressure difference of the two lines of a Wheatstone bridge type capillary viscometer according to the following equation:

6
where IP is the inlet pressure, i.e., pressure difference between the inlet and outlet of the viscometer; and ΔP is the pressure difference between the two arms of the bridge. The reader is further referred to Reference[endnoteRef:5] for principles and some applications of online viscometric detection. [5:  Striegel, A. M. Chromatographia 2016, 79, 945–960.] 

Multi-Angle Light Scattering
The development of online light scattering photometers that can measure molar mass directly from the intensity of scattered light at zero scattering angle was another step forward towards true and widely applicable determination of correct molar mass distribution of polymers. Multi-angle light scattering (MALS) detectors have taken predominant role over low-angle, right-angle or two-angle light scattering photometers as the multi-angle approach not only eliminates the measurement at very low angles prone to high noise caused by sub-micrometer dust particles in the mobile phase, but brings additional information, the root mean square radius (radius of gyration) being the most important one.
Using MALS detector, the molar mass is calculated at each elution volume slice from the Rayleigh ratio at zero angle:

[bookmark: _Ref518738058]7
In the above equation, R0 is the excess Rayleigh ratio extrapolated to zero scattering angle, c is the concertation determined by RI detector according to Equation 5, and K* is the optical constant defined as:
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[bookmark: _Ref519429221]where n0 is the refractive index of the solvent at the incident wavelength, λ0 is the wavelength of the incident light at vacuum, and dn/dc (in mL/g) is the specific refractive index increment for the polymer being analyzed in a given SEC mobile phase and the wavelength of MALS detector. The Rayleigh ratio is the intensity of scattered light related to the intensity of incident light and geometry of the instrument, and the term excess means that the scattering intensity of polymer solution is subtracted with the scattering intensity of the solvent, i.e., the intensity of baseline. Strictly, light scattering equation also contains the concentration term with the second virial coefficient that is neglected in Equation 7, which is allowed by generally low concentrations in SEC; and even in the case of higher injected masses needed for the analysis of oligomers, the concentration term is negligible as it diminishes quickly with the decreasing molar mass. More information about the MALS can be found for example in Reference[endnoteRef:6] or Chapters 2 and 4 of Reference.[endnoteRef:7] [6:  Wyatt, P. J. Anal. Chim. Acta 1993, 272, 1–40.]  [7:  Podzimek, S. Light Scattering, Size Exclusion Chromatography and Asymmetric Flow Field Flow Fractionation, Wiley, Hoboken, 2011, p 245.] 

Although the UC has been generally accepted as the method of the determination of true molar mass distribution of polymers and has been applied to various polymer types, to author´s knowledge no extensive comparison of the results yielded by SEC-VIS-UC with those from SEC-MALS has been published. Hence, the goal of this paper is to compare the experimental results acquired by the two SEC techniques for polymers of various chemical composition, molar mass, and chain topology.
Comparing SEC-VIS-UC and SEC-MALS
It may be worth noting that in contrast to conventional SEC with solely RI detector and conventional calibration, both SEC-MALS and SEC-VIS-UC require the absolute concentration of molecules eluting from SEC columns to be known. In the case of SEC-MALS, the specific refractive index increment dn/dc is required not only to calculate the molar mass from Equation 7, but also for the determination of concentration using Equation 5. It may be worth noting that due to the square of dn/dc in the optical constant K*, the MALS is sometimes misleadingly believed to be more prone to errors of dn/dc than UC. However, the square dn/dc in the optical constant K* is partly cancelled with the dn/dc in Equation 5 and consequently the molar mass accuracy determined by SEC-MALS is affected by the erroneous dn/dc in the same extent as in the case of SEC-VIS-UC. Another common constant for the two SEC techniques is the calibration constant α of the RI detector. Consequently, incorrect α and dn/dc cause the same errors for SEC-VIS-UC and SEC-MALS. From the same reason, UC provides exactly the same erroneous results in the case of chemically heterogeneous copolymers as does MALS detection.
Concerning the need for accurate dn/dc, one can mention a recent paper by Lavric et al.[endnoteRef:8] that showed a modified method of determining the weight-average molar mass (Mw) by a light scattering detector without need for dn/dc. The described method has two weaknesses, namely (i) it provides solely the Mw without other molar mass averages and molar mass distribution, and (ii) it completely neglects the angular variation of the intensity of scattered light as the authors themselves admit in the paper. Indeed, the experimental data presented in the paper show the Mw values down from ≈ 250,000 g/mol with no example of a high-molar-mass polymer. The authors of Reference 8 overlooked the possibility of extrapolating the light scattering intensity to zero angle as described by Netopilik and Janata.[endnoteRef:9] The method proposed by Lavric requires the exactly known injected mass for both the polymer being analyzed and a standard of known molar mass. As a matter of fact, when the injected sample mass is known, then the dn/dc of unknown polymer can be easily calculated from that mass and response of RI detector and the data can be processed with that dn/dc by regular way, thus providing the entire molar mass distribution. Therefore, the proposed method of the Mw determination without dn/dc can be considered to be an interesting curiosity, but of minor practical applicability. [8:  Lavric, S., Preis, J. Rosenauer, C., and Radke, W. J. Chromatogr. 2017, 1520, 103–106.]  [9:  Netopilik, M., Janata M. J. Chromatogr. A 2014, 1330, 14–19.] 

Equation 7 shows that the light scattering signal is directly proportional to the product of molar mass multiplied by the concentration, whereas according to Equation 4 the signal of VIS is proportional to the product of concentration and intrinsic viscosity, i.e., concentration times molar mass to the power of the Mark-Houwink exponent. From this reason, the apex of MALS peak of polydisperse polymer is mostly before that of VIS peak unless the exponent a is equal or larger than unity.
The fundamental assumption for SEC-MALS is that what elutes from SEC columns at a given elution volume is purely monodisperse, and thus the molar mass calculated from Equation 7 is molar mass Mi. In reality, due to the band broadening in SEC columns, the particular elution volume slices are to a certain extent polydisperse, i.e., the MALS detector measures the weight-averages Mw,i instead of molar masses Mi. Nevertheless, as light scattering measures the weight-average molar mass by the first principle, the Mw for the entire sample calculated from Mw,i is always correct and independent of SEC separation performance. The fact that the Mw of the whole polymer is not directly affected by the band broadening was shown by Prochazka and Kratochvil.[endnoteRef:10],[endnoteRef:11] Because of slice polydispersity the SEC-MALS has a tendency to overestimate the values of Mn. However, the comparison of Mn values determined by membrane7 or vapor phase osmometry[endnoteRef:12] with the results from SEC-MALS showed acceptable agreement, which justifies neglecting the slice polydispersity and proves SEC-MALS capable to measure reliable values of Mn that are often more accurate than those from traditional, yet nowadays rarely used, osmometric methods in which the results are either overestimated by permeation of oligomeric fractions through the membrane of membrane osmometer or underestimated by the presence of low-molar-mass impurities in the case of vapor phase osmometry. [10:  Prochazka, O., Kratochvil P. J. Appl. Polym. Sci. 1986, 31, 919–928.]  [11:  Prochazka, O., Kratochvil P. J. Appl. Polym. Sci. 1987, 34, 2325-2336.]  [12:  Podzimek, S. In Multiple Detection in Size-Exclusion Chromatography; Striegel A. M., Ed.; ACS Symposium Series 893; Washington, DC, 2004, p 109.] 

In contrast to SEC-MALS, which is completely independent of polymer standards, SEC-VIS-UC is primarily based on the calibration curve established by a series of narrow polymer standards. Since the molar mass is determined from the calibration curve, its accuracy is affected not only by the polydispersity within the elution zone, but the band broadening also causes a given zone to elute at different position than it would elute in ideal chromatography without band broadening. And as the calibration dependence is semi-logarithmic, a small shift of the elution volume can cause a large error in molar mass. Despite numerous scientific articles on the band broadening topic, no simple and generally applicable procedure has been established, and most of SEC practitioners resign on the band broadening correction. As a result of band broadening, the experimental chromatogram is broader than the true chromatogram corresponding to the molar mass distribution and thus the molar mass at the very beginning of chromatogram is overestimated, whereas at the end of chromatogram is underestimated. In addition to the band broadening in the SEC columns, the broadening in the detector part is important for the multidetector measurements. The effect of the inter-detector band broadening can be minimized by the detectors that are specifically designed to be used in multiple detector systems. In contrast to the band broadening in the columns, the inter-detector peak broadening depends only on the interconnecting tubings and the design of particular detectors. Consequently, the inter-detector band broadening becomes relatively less pronounced with increasing the total SEC column volume. From this reason, a single 300 × 8 mm column or narrow bore 4 mm internal diameter columns cannot be recommended for multiple detector systems, especially for those including a viscometer. In addition, the compensation of the inter-detector band broadening can be performed by software correction which requires measurement of a perfectly monodisperse polymer.
[bookmark: _Ref528317432][bookmark: _Ref528317436]The dependency of molar mass on the column calibration makes the results vulnerable to the flow rate accuracy, temperature fluctuations, column performance and injected mass. Especially the injected mass can affect the exact position of the polymer zone in the chromatogram. For more information on the influence of separation conditions refer to Section 3.5.6 of Reference.7 It should be also stressed that universal calibration is valid only in case of pure steric exclusion separation mechanism and becomes inapplicable if any non-SEC mechanisms happen. They include hydrophobic interactions, hydrogen bonding, ion inclusion or exclusion, and the anchoring of branched macromolecules in pores of column packing. Detailed description of various effects that may complicate the SEC measurements can be found in paper by Berek.[endnoteRef:13] The effect of adsorption on the universal calibration using several mobile phases was investigated in References.[endnoteRef:14],[endnoteRef:15] [13:  Berek, D. J. Sep. Sci. 2010, 33, 315–335.]  [14:  Berek, D., Bakos, D., Bleha, T., Soltes, L. Makromol. Chem.-Macromol. Chem. Phys. 1975, 176, 391–398.]  [15:  Spychaj, T., Berek, D. Acta Polym. 1982, 33, 477–482.] 

The band broadening can be minimized by high performance SEC columns and by optimizing other parts of experimental set-up such as interconnecting tubings, unions, and detector cells. One should also keep in mind the main factor affecting the resolution in SEC, i.e., the flow rate as recently reminded and elaborated by Netopilik.[endnoteRef:16] The band broadening can become more serious when sample contains fractions that are totally excluded or elute very near limit of the total exclusion. In that case, the molecules that elute near the limit of total exclusion can exhibit excessive peak tailing and contaminate chromatogram even far from the exclusion volume.[endnoteRef:17] [16:  Netopilik, M. J. Chromatogr. A 2017, 1487, 139–146.]  [17:  Busnel, J. P., Foucault, F., Denis, L., Lee, W., and Chang, T. J. Chromatogr. 2001, 930, 61–71.] 

In contrast to the MALS detection, where the molar mass in a polydisperse elution volume slice is the weight-average, it has been shown that the VIS detector combined with universal calibration yields the number-average molar mass.[endnoteRef:18],[endnoteRef:19],[endnoteRef:20] This fact gives a theoretical possibility to estimate the polydispersity in the elution volume slices as already suggested in Reference.3 [18:  Gaborieau, M., Gilbert, R. G., and Gray-Weale, A. Macromol. Theory Simul. 2007, 16, 13–28.]  [19:  Kostanski, L. K., Keller, D. M., and Hamielec, A. E. J. Biochem. Biophys. Methods 2004, 58, 159–186.]  [20:  Balke, S. T., Mourey, T. H., and Harrison, C. A. J. Appl. Polym. Sci. 1994, 51, 2087–2102. ] 

In the case of linear homopolymers the elution volume slice polydispersity is caused solely by the band broadening. When the band broadening is negligible, the molecules in the detector cell at any time are of identical molar mass and molecular size. When the polymer being analyzed is branched, additional contribution to slice polydispersity is given by the fact that molecules of identical hydrodynamic volume, and thus identical elution volume, can differ in their molar mass, number of branch units, branch length and branch topology. From this reason, on the same SEC system, the slice polydispersity of branched polymer is always higher compared to linear polymer of identical hydrodynamic volume. Another contribution to the slice polydispersity is given by chemical heterogeneity of copolymers and polymer blends when an elution volume slice can include the molecules of different chemical composition. Especially the chemical heterogeneity of copolymers whose parent homopolymers are of significantly different dn/dc makes the determination of true molar mass distribution often impossible no matter which SEC technique is employed.
EXPERIMENTAL
Synthetic polymers analyzed in this study (41 in total) included linear polystyrene, randomly branched polystyrene prepared by free radical solution polymerization of styrene with various amount of divinylbenzene, linear poly(isobutyl methacrylate) and poly(benzyl methacrylate)  prepared by free radical solution polymerization, star-branched poly(isobutyl methacrylate) and star-branched poly(benzyl methacrylate) prepared by group transfer polymerization of isobutyl methacrylate or benzyl methacrylate with ethylene glycol dimethacrylate, epoxy resin based on bisphenol A, polycarbonate based on bisphenol A, linear and star-branched polycaprolactone and poly(caprolactone-co-lactide), linear poly(methyl methacrylate), ultrahigh-molar-mass organic-inorganic polymer based on polyhedral oligomeric silsesquioxane-isobutyl methacrylate,[endnoteRef:21] and star-branched poly(lactic-co-glycolic acid) prepared by polycondensation of lactic and glycolic acid with mannitol. The samples are listed in Table 1 with the numerical codes for their identification in Figures 1 – 3 and the values of dn/dc that were determined either in SEC mode from RI detector peak area and injected mass assuming 100 % mass recovery from SEC columns or by injecting solutions of different concentrations directly in the RI detector. The values of dn/dc in Table 1 are valid for tetrahydrofuran (THF), 25 °C and the wavelength of 660 nm. [21:  Raus, V., Janata, M., and Cadova, E. Macromol. Chem. Phys. 2018, 1800141.] 

Chromatographic system consisted of a Waters Alliance 2695 Separations Module coupled with a triple detection system from Wyatt Technology Corporation including a DAWN® HELEOS® II MALS photometer, a ViscoStar® III online viscometer, and an Obtilab® T-rEX™ refractive index detector. The data acquisition and processing were carried out by Wyatt Technology Corporation software ASTRA®. Two PLgel Mixed-C 300 × 7.5 mm columns were used for separation with THF at a flow rate of 1 mL/min. The columns were brand new to eliminate the effect of column history. The samples were prepared in THF in the concentration range from ≈ 1 mg/mL for the high-molar mass polymers up to ≈ 50 mg/mL for the lowest oligomers; the injected volume was 100 μL. The UC relation was established by means of 14 narrow polystyrene standards supplied by Agilent covering the molar mass range from ≈ 1000 g/mol to ≈ 3,300,000 g/mol. The concentration of standards was selected to have approximately constant response of MALS detector, the lower concentration of the highest standard being ≈ 0.3 mg/mL; the standards were injected as mixtures of three or four in the volume of 20 μL. The universal calibration curve was established using the nominal molar masses and the intrinsic viscosities determined by the VIS detector. The obtained calibration relation was completed by bisphenol A diglycidyl ether with the molar mass 340 g/mol; which, being absolutely monodisperse, was also used for the determination of the inter-detector volumes. The calibration curve was approximately linear, yet better fits were obtained by the second or third order polynomials, the difference of the two being negligible. Negative peak of nitrogen was used as a flow marker to compensate for possible flow rate variations. However, the elution volume of the peak was nearly identical throughout all measurements. Each polymer was analyzed in duplicate and the results were averaged.
RESULTS AND DISCUSSION
Figures 1 – 3 display the values of the number-average (Mn), the weight-average (Mw), and the z-average (Mz) molar mass determined by SEC-VIS-UC plotted against the molar mass averages from SEC-MALS, and their percentage deviations. Despite the proportionality of the two techniques, the percentage difference can run up to several tens of percent. Note that when band broadening is not negligible, the values of Mn and Mw, being calculated by SEC-VIS-UC and SEC-MALS from local Mn,i and Mw,i, respectively; are not supposed to be identical and thus the prevailing trend of lower Mn and Mw from UC corresponds to this fact.
The data depicted in Figures 1 – 3 are for polymers different in their architecture as well in chemical composition. The use of many chemically different polymers increases the probability of non-SEC effects such as partial adsorption or exclusion, which would lead to smaller or higher molar masses calculated from UC, respectively. While the exclusion may be rare in the case of most of neutral synthetic polymers, the adsorption can be quite frequent and can depend not only on the chemical composition of polymer under analysis and the mobile phase and column packing, but it can be affected also by column history. Consequently, the molar mass values from SEC-VIS-UC can be results of simultaneous effect of adsorption and band broadening. The adsorption effects can be stronger on polar SEC packings,14,15 yet cannot be completely excluded even on generally less interactive styrene-divinylbenzene packing that was used in this study.
The molar mass versus elution volume plots can be used for better understanding the results generated by the two SEC techniques. No common pattern of the molar mass versus elution volume plots determined by SEC-VIS-UC and SEC-MALS was found. Typical examples are shown in Figure 4 that overlays the plots of molar mass versus elution volume for polymers of various chemical composition and molecular topology, namely (1) polydisperse linear polystyrene, (2) epoxy resin with theoretically linear chains containing some branches as a result of side reactions, (3) star-like oligomeric polycaprolactone, and (4) randomly branched polystyrene. The corresponding cumulative molar mass distribution curves are depicted in Figure 5. The most frequent plot is that of polymer 1, when the molar mass by MALS is from a certain elution volume forward the end of chromatogram higher than that determined by UC, whereas opposite mutual relation can be seen at the beginning of chromatogram. As a consequence of that, the molar mass distribution from UC is noticeably broader that the distribution determined by MALS. The molar mass plots crossing each other are frequent also in the oligomeric region as shown by polymer 3. Polymer 2 is rather rare example when the two plots almost join in a single line, though the thorough look at the molar mass distribution indicates the same trend as for polymers 1 and 3. As the slice molar mass by MALS is the weight-average and that from UC is the number-average, the two plots should be parallel and their difference should provide a measure of local polydispersity Mw,i/Mn,i. However, none of the studied polymers exhibited such parallel plots over the entire chromatogram. This leads to conclusion that the difference of the molar mass plots from MALS and UC is caused more by the shift of elution zone than by the slice polydispersity. The plots for a narrow polystyrene standard shown in Figure 6 explain the previous statement. In Figure 6, the molar mass measured by MALS and the intrinsic viscosity determined by the VIS are approximately parallel along the elution volume axis across the entire peak, which means the molecules of very narrow distribution are mixed by the band broadening and elute homogeneously within the peak. In contrast, when the molar mass is determined from the UC or conventional calibration curve, it follows the slope the calibration curve and thus the molar masses are overestimated at the beginning of chromatogram, whereas from a certain elution volume forward they become underestimated. As a matter of fact, the plots shown in Figure 6 resemble those in Figure 4 for polymers 1 and 3. The same trend in the molar mass plots determined by UC and conventional calibration is shown in Figure 7 for polydisperse polystyrene. As the polystyrene calibration can be considered correct for linear polystyrene, the plots obtained by the two calibration approaches should be identical and thus the markedly larger deviation of the molar mass plot determined by UC in Figure 6 and Figure 7 indicates UC to be more sensitive to the band broadening than conventional calibration.
An interesting finding is also that the molar mass plots overlay very well when the molar mass is calculated directly from the intrinsic viscosity using the Mark-Houwink equation instead of being determined from the UC relation as shown in Figure 8.
The previous findings correspond to the conclusions reported by Netopilik[endnoteRef:22] who showed that the increase in the Mw/Mn ratio obtained using the UC method greatly exceeds that of the Mw/Mn ratio obtained from the uncorrected chromatogram and conventional calibration; and that the slope of the local calibration curve and Mw/Mn determined from UC method increase due to the band broadening, in contrast to the slope of the local calibration curve and Mw/Mn determined by a light scattering detector or calculated from the intrinsic viscosity and Mark-Houwink equation. [22:  Netopilik, M. J. Chromatogr. A 2001, 915, 15–24.] 

The elution pattern shown in Figure 4 for polymer 4 is typical for randomly branched polymers. In the case of branched polymers, one cannot expect the MALS and UC plots to fit to a single plot even with negligible band broadening due to the co-elution of molecules of different degree of branching. The typical upswing on the molar mass plot at the descending part of the chromatogram was explained by delayed elution of branched macromolecules due to their anchoring in the pores of column packing.[endnoteRef:23] The upswing is more pronounced and appears at lower elution volume for polymers with higher level of branching as depicted in Figure 9 that also exhibits the corresponding plots of intrinsic viscosity. The upswing on the molar mass plots is given by the high sensitivity of the Mw to fractions with very high molar mass. In other words, the delayed highly branched high-molar-mass fractions are in Mw counted more than smaller molecules separated by pure SEC separation mechanism. As a consequence of delayed elution, the molar mass distribution plot shown in Figure 5 for branched polymer 4 fails to describe the true distribution as the fractions with lower molar mass are present in the sample, but they are overshadowed by the delayed molecules. Different situation is in the case of intrinsic viscosity that, despite being also the weight average, is evidently less sensitive to the high-molar-mass molecules eluting at the end of chromatogram. Assuming simplified case of co-elution of a binary blend of monodisperse linear molecules of molar mass Mlin and of branched molecules of molar mass Mbr the intrinsic viscosity in a given slice can be expressed as:3,[endnoteRef:24] [23:  Podzimek, S., Vlcek, T., and Johann, C. J. Appl. Polym. Sci. 2001, 81, 1588–1594.]  [24:  Krigbaum, W. R., Wall, F.T. J. Polym. Sci. 1950, 5, 505–514.] 
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where w is the weight fraction of linear lin and branched br species in the slice and a and α are the Mark-Houwink exponents of linear and branched molecules, respectively. The Mark-Houwink exponent of branched polymer chains decreases with increasing degree of branching and in ultimate case of compact spheres reaches zero. As can be seen in Section 6.3 of Reference,7 the macromolecules even do not have to be absolutely compact to display zero slope of Mark-Houwink relation. As a consequence of that, despite very high molar mass the contribution of branched molecules to the slice intrinsic viscosity is minimized by their low Mark-Houwink exponent.
The plots of branched polymer depicted in Figure 4 do not show the cross point and before the upswing the two plots are approximately parallel. Similar pattern was observed for the plots of other randomly branched polymers. One can, therefore, speculate that in the case of branched polymers the effect of slice polydispersity overwhelms the effect of the zone shift, and the differences of molar masses at the particular elution volumes give the slice polydispersity that always reaches a minimum at a certain elution volume; and then increases, backward from that volume due to decreasing resolution of SEC columns, and forward to the end of chromatogram as a result of slice contamination by delayed macromolecules. An example of polydispersity plot is given in Figure 10 where the minimum polydispersity reaches the value around 1.04, yet markedly higher minima were found for more branched polymers. At the descending part of chromatogram behind the upswing point the polydispersity typically runs up to several hundreds (not shown in Figure 10). 
Acetylated lignin shown in Figure 11 is an example of fluorescent polymer for which the intensity of scattered light is strongly affected by the fluorescence. In the case of fluorescent samples, the MALS photometer detects not only the scattered light, but also fluorescent light, the intensity of which can be markedly higher than that of scattered light itself. As a consequence of that, the molar mass calculated by MALS software is strongly overestimated, especially around the peak apex where the concentration of eluting molecules, and thus fluorescence intensity, is the highest. Without discussion of other ways of eliminating the fluorescence, SEC-VIS-UC represents the method of choice for the estimation of the true molar mass distribution of fluorescent samples. For the sample depicted in Figure 11 the molar mass distribution by UC starts from a few hundreds g/mol, whereas the distribution from MALS from ≈ 104 g/mol. As lignin is generally anticipated to contain oligomeric species, the distribution from UC meets this expectation.
CONCLUSIONS
The comparison of several tens of polymers of various chemical composition and molecular architecture showed that the molar mass averages determined by SEC-MALS and SEC-VIS-UC can differ up to several tens of percent. The results for linear polymers did not confirm the expectation of parallelly shifted molar mass versus elution volume plots whose difference could be used as a measure of slice polydispersity. The experimental data suggest that the plots determined by UC are affected not only by the slice polydispersity, but also by the shift of the elution volume zones as a results of various non-SEC effects. In the MALS detection the band broadening affects the molar mass only in the sense of slice polydispersity and the overall effect of band broadening is lower due to the absence of calibration curve and thus independence on elution volume. The weight-average molar mass determined by SEC-MALS is completely independent of SEC separation performance and thus more accurate than that by SEC-VIS-UC. Parallelly shifted plots across a substantial part of the peak were often found for branched polymers where the slice polydispersity is higher. For polymers with well-known Mark-Houwink constants the molar mass plot determined by MALS fits to a single line with that calculated directly from the intrinsic viscosity.
The theory shows the need for accurate dn/dc and that erroneous dn/dc has the same impact on the molar mass distribution calculated by SEC-MALS as by SEC-VIS-UC.
In the case of lignin and other fluorescent polymers the UC provides more accurate molar mass than regular MALS with the wavelength of ≈ 660 nm or lower. Branched polymers are another area of polymers where UC can be valuable as it describes the lower-molar-mass part of distribution more accurately due to significantly lower sensitivity of intrinsic viscosity to contamination by highly branched high-molar-mass fractions. The combination of Mw from MALS and Mn from UC can be recommended for proper characterization of branched polymers that exhibit significant upswing on the molar mass versus elution volume plots.


Table 1 Samples analyzed in this study and their numerical identification in Figures 1 – 3 and dn/dc
	Polymer
	Code in Figures 1 – 3
	dn/dc (mL/g)

	Linear and star-branched polycaprolactone and poly(caprolactone-co-lactide)
	1 – 6
	0.058 – 0.078*

	Epoxy resin based on bisphenol A
	7, 8
	0.178 / 0.183**

	Star-branched poly(lactic-co-glycolic acid)
	9 – 15
	0.049

	Polycarbonate based on bisphenol A
	16
	0.186

	Linear poly(isobutyl methacrylate)
	17
	0.075

	Linear poly(methyl methacrylate)
	18, 23, 24
	0.084

	Linear polystyrene (NIST 706 = 19)
	19 – 21
	0.184

	Linear poly(benzyl methacrylate)
	22
	0.144

	Organic-inorganic polymer based on polyhedral oligomeric silsesquioxane-isobutyl methacrylate
	25 – 28
	0.052

	Randomly branched polystyrene
	29 – 37
	0.184

	Star-branched poly(isobutyl methacrylate)
	38
	0.075

	Star-branched poly(benzyl methacrylate)
	39 – 41
	0.144


*Dependent on caprolactone/lactide ratio and molar mass
**The lower value is for resin with lower molar mass

[image: ]
[bookmark: _Ref519338357]Figure 1 Mn determined by SEC-VIS-UC versus Mn from SEC-MALS (left), and the relative comparison of the two (right).
[image: ]
Figure 2 Mw determined by SEC-VIS-UC versus Mw from SEC-MALS (left), and the relative comparison of the two (right).
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[bookmark: _Ref519338653]Figure 3 Mz determined by SEC-VIS-UC versus Mz from SEC-MALS (left), and the relative comparison of the two (right).
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[bookmark: _Ref519338757]Figure 4 Molar mass versus elution volume plots determined by SEC-MALS (red empty squares) and SEC-VIS-UC (blue empty circles) for (1) linear polystyrene NIST 706, (2) epoxy resin based on bisphenol A, (3) polyester based on caprolactone, and (4) randomly branched polystyrene. RI chromatogram is overlaid in all plots.
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[bookmark: _Ref519338774]Figure 5 Cumulative molar mass distribution curves determined by SEC-MALS (solid red) and SEC-VIS-UC (dash dot blue) for (1) linear polystyrene NIST 706, (2) epoxy resin based on bisphenol A, (3) polyester based on caprolactone, and (4) randomly branched polystyrene.


[image: ]
[bookmark: _Ref520790957]Figure 6 Molar mass determined by MALS detector (red empty squares) and intrinsic viscosity by VIS detector (green filled circles) compared with the molar mass by UC (blue empty circles) and conventional calibration (black empty triangles) for narrow polystyrene standard of nominal molar mass 200,000 g/mol. RI chromatogram is shown here.
[image: ]
[bookmark: _Ref528843471]Figure 7 Molar mass determined by MALS detector (red empty squares) compared with the molar mass by UC (blue empty circles) and conventional calibration (black empty triangles) for linear polystyrene NIST 706. RI chromatogram is shown here.


[image: ]
[bookmark: _Ref520791038]Figure 8 Molar mass versus elution volume plots overlaid on RI chromatogram (left) and cumulative molar mass distribution curves (right) of linear poly(methyl methacrylate) determined by MALS (red empty squares and dash), UC (blue empty circles and dash dot) and calculated from intrinsic viscosity and Mark-Houwink relation (green filled circles and solid).



[image: ]
[bookmark: _Ref519338810]Figure 9 Molar mass versus elution volume plots (left) and corresponding plots of intrinsic viscosity (right) for randomly branched polystyrene with increasing degree of branching in the order of blue empty circles, green empty triangles, and red empty squares. RI chromatograms are overlaid in all plots. Red sample is the sample shown in Figures 4 and 5.
[image: ]
[bookmark: _Ref519494733]Figure 10 Polydispersity across the RI peak for randomly branched polystyrene. The values over 2 are not shown.
[image: ] 
[bookmark: _Ref519347500]Figure 11 Molar mass versus elution volume plots overlaid on RI chromatogram (left) and corresponding cumulative molar mass distribution curves (right) of acetylated lignin determined by SEC-MALS (red empty squares and solid) and SEC-VIS-UC (blue empty circles and dash dot).
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