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Synopsis 

The applicability of high performance size-exclusion chromatography was tested for anionic 
polymers with a new type of column. It was found that a solvent salt concentration of 0.1M and 
an elevated temperature (60°C) prevented adsorption of the polystyrene sulfonate standards on 
the column packing. The calibration curve and the effect of the concentration on the retention 
volume remained, however, column-dependent. We concluded also that the use of the column was 
restricted to the linear range of the calibration curve and to concentrations below 1 mg mL-' for 
the highest molecular weight standards. The influence of the flow rate (below 1 mL min-') on the 
retention volume was negligible. The main cause of errors when the universal calibration 
technique is used originated in the experimental determination of the intrinsic viscosities of the 
standards. The combination of the errors on the viscosity and on the experimentally determined 
retention volume easily introduced an error of 15% on the determined molecular weight of the 
sulfated polysacchaxide ic-carrageenan. The use of the universal calibration method for an exact 
molecular weight determination of anionic natural polymers is therefoq? still questionable. 

INTRODUCTION 

High-performance size-exclusion chromatography (HPSEC) has been widely 
used during the last few decades.'T2 Contrary to the more traditional size- 
exclusion chromatography (SEC) this technique is f a r  less time-consuming, 
and smaller amounts of sample are needed. Due to the availability of several 
suitable column packings and to the existence of nearly monodisperse molecu- 
lar weight standards HPSEC has become of great importance for the charac- 
terization of polymers in organic solutions.2 In the field of the water-soluble 
macromolecules, problems were encou@ered due to the adsorption of the 
sample and, in some cases, to the lidited pH dependent stability of the 
packing materials.' Although one was abIe to overcome these problems with 
the addition of salts to the eluent that prevent adsorption of the sample and 
with the modification of the column particles, the majority of studies reported 
concerning HPSEC in aqueous solution deal with the separation and the 
molecular weight determination of proteins and DNA  compound^.^ A limited 
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number of reports4-' describe the determination of molecular weights of 
anionic polysaccharides with HPSEC. The peak position method2 with well- 
characterised standards having nearly the same structure as the unknown was 
used in some cases. However, when such standards were not available, the 
universal calibration' provides good help. This is already very well known for 
traditional SEC of water soluble polymers?-ll In the above-mentioned refer- 
ences, sodium polysterene sulfonates (PSSNa) were used as calibration stan- 
dards. In this paper we apply PSSNa standards for a universal calibration on 
a new column suitable for aqueous HPSEC. This column has been recom- 
mended for polysaccharides and anionic polymers. Problems such as adsorp- 
tion, concentration effects, flow-rate dependent retention volumes, and the 
difficulties with the calibration procedures will be discussed. 

EXPERIMENTAL 

HPSEC 

A HPLC equipment from Waters Assoc. was used with a R410 differential 
refractometer as detector. The retention times of the peaks were measured 
with a 740 Data Module. The system contained two in series connected 510 
HPLC pumps and the flowrate (0.4 or 0.8 mL min-') was adjusted with the 
isocratic operation modus of an automatic gradient controller. Injections were 
carried out with a U6K injector. For PSSNa samples 50 pL was injected and 
for K-carrageenan 100 pL. All flow connections were made as short as possible. 

HPSEC was performed on ultrahydrogel linear (Waters Assoc.) columns 
(7.8 X 30 cm). Two different columns were used, which will be named A and B 
further in the text. Ultrahydrogel consists of a hydroxylated polymethacrylate 
packing with residual carboxyl groups. For the linear types the pore sizes were 
blended and the exclusion limit corresponds to a molecular weight for polyeth- 
ylene oxide (PEO) of 7 X lo6. The column is stable over a pH range from 2 
to 12. 

Viscosity 

The viscosity was measured with an Ubbelhode viscometer (Scott) at  
60.0 2 0.1"C. The efflux time was calculated from the average of at  least five 
separate measurements. The intrinsic viscosity of the solutions were deter- 
mined by a linear Huggings analysis. The extrapolations were made with 5-10 
different concentrations for each sample. 

Materials 

Sodium polystyrene sulphonate standards with narrow molecular weight 
distributions (@Jan < 1.1) and peak molecular weights (ap) in the range of 
4.6 x 103-l.2 X lo6 were obtained from Polymer Laboratories (U.K.). Bp 
corresponds to the molecular weight values at  the peak maximum in SEC and 
equals an and gp for the standards. K-carrageenan from the algae Eucheuma 
cottonnii and its monomer sodium neocarrabiose 4-sulfate were obtained from 
the Sigma Company. All sample solutions were made up with ultra pure water 
(Milli-Q-reagent grade water system) and filtered using 0.45 pm filters (Milli- 
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pore). The solvent containing 0.1M salt and 0.05% NaN, in Milli-Q water was 
filtered (0.22 pm) and degassed with a Millipore vacuum filtration apparatus. 

RESULTS AND DISCUSSION 

Column Conditions 
SEC of polyelectrolytes in aqueous solutions is sometimes used to test the 

purity of the injected samples."-'3 However, at room temperature in water 
PSSNa, even at concentrations below 1 mg mL-', is adsorbing on the 
hydroxylated polymethacrylate packing. This leads to strongly disturbed peak 
shapes and flow-rate-dependent retention volumes and peak areas. The de- 
crease of the number of theoretical plates, normally above 7000, seems mainly 
to be due to adsorption.2 Since adsorption on the column is usually suppressed 
with increasing temperature14 and since correct molecular weight distributions 
of polyelectrolytes could only be obtained with a salt concentration in the 
eluent of at least 5 X 10-2M,'2 HPSEC was therefore performed with the 
columns at 60 k 0.5"C and with an ionic strength of the eluent of 0.1M. 
Adsorption was no longer observed when both conditions were used. 

Calibration Methods 

The Peak Position Method 

A calibration curve of gP vs. K was made for the two columns A and B 
(Fig. 1). K stands for the ratio between the retention volume of the standard 
and that of the excluded salt. It accounts therefore for the flow-rate differ- 
ences. The salt exclusion was due to the Donnan effect.I2 According to the 
manufacturer a linear calibration curve was obtained for PEO and poly(ethy1- 
ene glycol) (PEG) standards in the molecular weight range lo2-lo6. On both 
columns a good linearity was observed for PSSNa in the range 18 X lo3- 
780 X lo3 only. For the lower molecular weight samples even at  the lowest 
measured concentration, the calibration curve deviated sharply at  K 2 0.8. 
This is rather unusual since according to the SEC theory the asymptotic 
behavior of the curve in the region of the small molecules is expected to 
appear close to K = 1 where the exclusion of the standard equals that of the 
salt. The deviation from the theory was an indication for the existence of 
non-size-exclusion effects, e.g., such as electrostatic repulsions between the 
residual carboxyl groups of the packing and the negatively charged groups of 
the standards. As a consequence, even in 0.1M salt the calibration curve for 
anionic polymers was probably shifted towards lower K values. Deviations 
from linearity for the highest molecular weight standards (ap = 1.2 x lo6) 
will be discussed later in the text. Between both columns a systematic 
difference existed for the K values in the linear range. So in this region the 
same molecular weight will be obtained on both columns for a sample of 
unknown molecular weight. This is, however, not true for molecular weights 
above and below this region because deviations from linearity were not the 
same for both columns. Use of the peak position method with PSSNa for this 
type of column was thus restricted to the linear region. Care should also be 
taken when using HPSEC peak profiles.as a measure for the molecular weight 
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Fig. 1. Calibration curve of In ap vs. the retention volume ratio ( K )  of PSSNa for two 
identical HPSEC columns A (D) and B (A). All concentrations of the standards were below 
0.5 mg mL-'. For further experimental conditions, see text. 

distribution of the injected sample. Since all the standards have a very namow 
distribution (gw/gn < 1.1), the peak widths should therefore be comparable. 
However, on bothcolumns for PSS above 2 x lo5 the peak width increased 
with increasing molecular weight even in the low concentration range (Fig. 2). 
This effect was also observed for lower flow rates. 

The Universal Calibration 

The difference in linear range between the standards PEO and PEG, on the 
one hand, and PSSNa, on the other hand, can also be partially due to the very 
well-known fact that the hydrodynamic volume, rather than the molecylar 
weight, is the determining factor for the elution volume in SEC experiments: 
Due to the ionic repulsions between the charges for p~lyelectrolytes'~ and to 
the restricted flexibility of the chains, e.g., for polysaccharides,'6 these poly- 
mers are more expanded than other random coil polymers and therefore 
eluted earlier for the same molecular weight. For an absolute determination of 
the molecular weight, the use of the peak position with polymer standards of 
a different chemical nature compared to the unknown seems therefore doubt- 
ful. In a universal calibration of random-coil polymers the log of the hydrody- 
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Fig. 2. Refractrometric traces of PSSNa at 0.25 mg mL-' for the molecular weights; 
(1) 1.2 x lo6; (2) 780 x lo3; (3) 400 x lo3; (4) 200 x lo3; (5) 100 x lo3. 

namic volume (uh)  is plotted against K .  It can be showd7 that the log oh is 
proportional to the log of the product [VIM,  where [ q ]  is the intrinsic 
viscosity. For narrow molecular weight, standards in a given solvent at fixed 
temperature [ q ]  can be easily calculated when the constants of the 
Mark-Houwink relation ( [ q ]  = Ma) are known. However, the constants a 
and k are only known for PSSNa at room temperature.'* Since the column 
was used at 60"C, [q] and the constants k and a were determined experimen- 
tally. The values found for PSSNa were a = 0.80 and k = 2.4 X The 
value a is larger than that mentioned by Takahashi et a1.18 ( a  = 0.68) at  25°C 
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Fig. 4. The universal calibration curve: plot of the hydrodynamic volume vs. K .  Conditions 
identical to those in Figure 1. 

and 0.1M. At elevated temperatures the solvent becomes better so that a 
increases, which is in accordance with the theory.'g However, the linearity 
between the points of the logarithmic plot of the Mark-Houwink relation was 
poor (Fig. 3). Due to the very low viscosities of PSSNa at 60°C, experimental 
errors were large, especially for the lower molecular weights. A more accurate 
determination of the constants a and k was limited by the lack of higher 
molecular weight standards, which were used in the reference cited above. On 
the other hand, it has been shown theoretically2' that even in a good solvent 
a is not always a constant for a larger range of molecular weights. I t  is clear 
that a great source of errors in the estimation of molecular weights with SEC 
can arrive from the determination of [ q ] .  For the universal calibration curve, 
experimentally determined intrinsic viscosities were used for the five highest 
molecular weights and the calculated viscosities for the lower molecular 
weights (Fig. 4). It can be seen from Figure 4 that the deviation of linearity for 
the molecular weights around 1 X lo6 decreased compared to that observed 
for the peak position method. This was due to the high intrinsic viscosity of 
the highest molecular weight standard (Fig. 3). However, the increase in 
viscosity could not completely account for the deviation in linearity for the 
highest molecular weight. Moreover, a difference between both columns re- 
mained. 
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Concentration Effects 

Large errors can also be introduced when the column is overloaded. The 
increase of the peak width and the retention volume with increasing concen- 
trations for traditional SEC is sometimes called the concentration effect.21 
The origin of this effect is complex. The influence of the concentration on the 
retention volume has been attributed by Janca to a combination of several 
factors such as a decrease in hydrodynamic volume of the polymer with 
increasing concentration,22 to viscosity phenomena in the interstitial 

and to secondary exclusion.24 The solvent plays also an important 
role.25 It is a very well-known fact that the retention volume is concen- 
tration-independent in 8 solvents. Furthermore, concentration dependencies 
of the distribution coefficient due to polymer-gel interactions have been 
observed.26 It can be seen from Figure 5 that for HPSEC the concentration 
effect increased with increasing molecular weight. However, there was a strong 
column dependency, which is in agreement with the literat~re.'~ Although for 
Mp = 1.2 x lo6 on column A peak shapes were irreproducible already around 
2 mg mL-', for column B no appearance of shoulders and secondary peaks 
were observed even up to 5 mg mL-' (Fig. 6). For the lower molecular weight 
samples no peak distortion was seen in the used concentration range. For SEC 
it was pointed out that, above a certain limiting value of the specific viscosity, 
independent of the sample type, the reproducibility was strongly decreased.28 
We could not find such a value since the concentration effect differed from one 
column to another. This is also found for the concentration dependent K 
values. 

Compared with column A where strong peak distortions were observed 
around 2 mg mL-' (Fig. 5), changes in K values occurred at concentrations at  
least twice as high for the column B (Fig. 6). Previously it was pointed out for 

0 1 2 3 4 5 

CONC. [ r n g / r n l  I 

Fig. 5. Dependence of the retention volume ratio upon the concentration PSSNa injected for 
M, =: (1) 1.2 X lo6; (2) 780 x lo3; (3) 400 x lo3; (4) 200 X lo3; (5) 100 X lo3. Flow rate = 

0.8 ml mL-'; column A. 
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Fig. 6. Dependence of the retention-volume ratios ( K )  upon the concentration PSSNa 
injected and the flow rate for a second column. Mp =: (1) 1.2 X lo6; (2) 780 X lo3. (A) 0.8 mL 
min-I; (0) 0.4 mL &-I.  Column B. 

SEC with PSSNa samples that the elution volumes remain constant until a 
critical concentration. The inflection point corresponded with the critical 
overlap concentration (c*), where the volume occupied by the chains equals 
that of the total solution volume. In our HPSEC experiments the inflection 
point depends on the column. Moreover, the flow rate also determines the 
concentration dependency (Fig. 6). This was only carried out on column B 
where no peak distortions were observed since on column A, due to the 
appearance of secondary peaks, uncertainties were too large at  large concen- 
trations. At  0.4 mL min-' the inflection point was found at lower concentra- 
tions and the slope of the increase was Iarger in comparison with 0.8 
mL min-l. 

However, below 1 mg mL-' no significant influence of the flow rate was 
observed. Moreover, the flow rate had no influence on the peak width of the 
standards for all concentrations studied. The dependence of the Concentration 
effect on the Aowrate has already been observed previously.29 It was thought 
that changes occur in the distribution coefficient between the polymer and the 
gel pores at high flow rates. At  0.8 mL min-' the molecules would have less 
time to permeate in the gel so that they are eluted earlier compared to 0.4 
mL min-'. This effect increases with increasing concentrations. Since the 
diffusion depends on the molecular weight, this would also explain why the 
influence of the flow rate on the concentration is determined by the molecular 
weight. 

The universal calibration concept implies infinite dilution.22 To reduce 
errors introduced by concentration effects, a linear extrapolation of the 
retention volume to zero concentration is therefore normally used. As can be 
seen from Figure 6 for both molecular weights only at 0.4 mL min-' a linear 
fit of all points seemed reasonable. The intersection at  zero concentration 
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corresponded within experimental errors with the value measured at  the 
lowest concentration. A t  higher flow rate it is obvious that a linear fit cannot 
be made since it would result in a K value that is much lower than the 
experimental values. At  sufficiently low concentrations the flow rate had no 
influence on the experimentally determined retention volumes. The values a t  
the lowest concentration were therefore used for the universal calibration 
curve. 

Unknown Sample 

Contrary to the well-defined PSSNa standards natural polymers, such as 
polysaccharides, have broad molecular weight distributions. K-carrageenan, 
extracted from red algae, is a sulfated polysaccharide that is very much used 
in the food industry.30 For a rapid analysis of such polymers HPSEC seems 
therefore suitable. Both the peak position method and the universal calibra- 
tion can be used. However, the first technique which uses standards with the 
same structure as the unknown seems very time-consuming due to the large 
separation and analysis time of the carrageenan fragments.31 We used there- 
fore the universal calibration with PSSNa. The molecular weight determina- 
tion was thus reduced to the determination of [ q] and K respectively. 

Although unpurified K-carrageenan contained K+ and Ca2', which cause 
conformational changes, it is important to notice that the polymer existed in a 
random-coil state in our experimental conditions. It is a very well known fact 
that changes in the hydrodynamic volume affect both [ q] and K .  

have shown that a conformational transition of K-C~W- 

rageenan in the presence of the gel-inducing cations Cs+ and K+ appears only 
below 60°C, even for polymer concentrations above 0.1%, which was the 
maximum concentration used in our system. 

A good linearity was obtained between all points in the Huggings plot. 
Extrapolation to zero concentration led to [q] = 5.7 dL/g. This value is in 
agreement with the value (6.6 dL/g) reported by S m i d ~ r a d ~  for a sample 
with Bw = 500 X lo3 in a 0.1M salt solution at  room temperature. 

In addition to the concentration effect, column overloading can also occur 
due to the injected volume. The maximum allowed amount can be calculated 
from the peak width of the monomer.36 For neocarrabiose 4-sulfateY the 
repeating unit of ma car rage en an,^' a maximum volume of 250 pL was deter- 
mined in our experimental conditions. However, only 100 pL was injected on 
the column B which showed the smallest concentration dependency for 
PSSNa. In Figure 7 the effect of the concentration and the flow rate on the 
retention volume is given. The broad peak of carrageenan is followed by a low 
molecular weight fraction, which has already been previously observed,38 and 
a large salt peak (not shown). The retention volume increases with increasing 
concentration above 0.55 mg mL-'. Independent of the flow rate the resolu- 
tion decreased at  higher concentrations and the K values became irrepro- 
ducible. Below 0.55 mg mL-' the effect of the flow rate was negligible within 
experimental errors. For the molecular weight determination the K value of 
the lowest concentration was taken. This led to a relative molecular weight of 
303 x lo3 g mol-'. Errors of 1% for the K values resulted in uncertainties 
of 15% for the molecular weight. Although experimental errors were great the 

Several 
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Fig. 7. HPSEC chromatograhs of kappa-carrageenan in function of the concentration 
(mg pL-');  [(I) 0.27; (2) 0.55; (3) 0.82; (4) 0.951 and the flow rate (- - -) 0.4 mL min-l; (-) 
0.8 mL min-'I. 

value w+ still comparable with that of Slootmaekers et al.,39 obtained from 
light scattering on the same sample (M, = 322 X lo3). A more precise indica- 
tion of the molecular weight from the universal calibration was impossible. 
However, for relative measurements of different polymer samples with varying 
chain lengths this technique remains quite useful. 

CONCLUSION 

HPSEC seems a very attractive method for a rapid analysis of anionic 
polymers. However, the accuracy depends on several factors. For polyelec- 
trolytes it seems limited by the column stability and possible interactions 
between the packing and the sample. Although suitable solvent conditions can 
be found to overcome the last problem, the main sources of error lies in the 
experimental determination of the intrinsic viscosities, especially when the 
Mark-Houwink constants are unknown. Moreover, application of these con- 
stants for a large range of available standards seems doubtful. Finally other 
errors can be easily introduced due to column overloading, polymer orienta- 
tion, and conformation. 

The authors thank the Ministerie van Wetenschapsbeleid for giving a Rest-Mandaat to T. M., 
the Waters Chrbmatography Division Belgium for their excellent collaboration, and Mr. W. 
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