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Chapterr  1 

Introductio n n 

1.1.. General aspects of size-exclusion chromatography 

Size-Exclusionn Chromatography (SEC) is a form of liquid chromatography (LC) that 

separatess analytes according to their hydrodynamic volumes. Porath and Flodin [1] 

introducedd it in 1959 as gel-permeation chromatography (GPC), where the stationary phase 

wass presented as 'lightly cross-linked, semi-rigid, organic-polymer networks'. Later, in 

19700 Waters introduced the first commercial stationary phase (u-Styragel) that consisted of 

small,, rigid particles. This new stationary phase allowed high pressures and thus '(Eligh-

Performance)) Size-Exclusion Chromatography' (HP-SEC or just SEC) was created [2]. 

SECC stationary phases consist of porous particles. The diameters of the pores are distributed 

acrosss a range comparable with the size of the molecules of the sample. Molecules that are 

sufficientlyy small penetrate inside the pores. Larger molecules will have less accessible 

poree volume and therefore they will spend a shorter time inside the column than the smaller 

molecules.. The smallest (totally permeating) molecules (e.g. toluene) show the longest 

retentionn times or the largest retention volumes. This represents the permeation limit of the 

packingg material (column). The volume (V0) that totally permeating solutes can access is 

thee volume outside the particles (interstitial volume or, more commonly, exclusion volume, 

VVexex),), plus the total pore volume (Vp). The time that such analytes spend in the column is 

determinedd by the total accessible volume and the flow rate (to=Vo/F). Very large molecules 

cannott penetrate at all into the pores. This represents the exclusion limit of the packing 

materiall  (volume Vex; time tex=VJF). Macromolecules of intermediate size (between these 

twoo limits) can be characterized using the given column. Thus, the effective range of the 

separationn column is from tex (Vex) to t0 (V0=Vex+Vp). More practically, the range is defined 

inn terms of molecular weights, starting from (most commonly polystyrene) molecules that 

aree just small enough (typically in THF solution) to penetrate all the pores and ending at 

moleculess that are just so large as to not enter any of them. SEC is a robust and convenient 

methodd of separation and it remains the outstanding technique for measuring the Molar-

Masss Distributions (MMDs) of natural and synthetic macromolecules. 

Figuree 1 shows a schematic representation of the process inside the SEC column. 
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Figuree I: Schematic representation of the mechanism of separation by Size-
Exclusionn Chromatography. 

SECC requires excellent solvents and inert stationary phases. No interactions between the 

stationaryy surface and the analyte polymers should occur. The ideal solvent in SEC should 

firstfirst of all dissolve the polymeric sample without degradation. It should also be suitable for 

thee standards of choice. It should allow chromatography at room temperature and it should 

bee compatible with the column packing. It should not lead to any association phenomena 

(neitherr between analyte molecules, nor between the analyte and the stationary phase). The 

ideall  solvent should have a low viscosity, should be non-toxic, and should be of low cost. 

Thee size separation of the analytes of interest is converted to a molar-mass distribution 

(MMD )) or, equivalcntly, a molecular-weight distribution (MWD), using a calibration curve 

(Figuree 2). The calibration curve is constructed using the retention times or volumes of 

narroww polymer standards of known molecular weight (Mp). 

Figuree 2: From size separation to molar-mass distribution in SEC. 

2 2 
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Too obtain accurate results, these standards should have the same chemical structure as the 

sample.. The final result in SEC is the MM D (Figure 3). This distribution is described by its 

characteristicc averages, such as the number-average molar mass (M„),  (eq. 1) and the 

weight-averagee molar mass (M„) , (eq. 2). 

M. M. 

M„ M„ 

__ Y,nM\ _ Xs'gnal 

~Y^n,~Y^n, 2 J signal/ Mi 
(1) ) 

(2) ) 

E",M ,, £ signal 

wheree nx indicates the number of molecules ' i ' having mass 'M\'. 

Thesee average numbers wil l provide us with the value of the polydispersity index (PDI), 

whichh is given by 

PDII  = M,/M „ (3) 

Smalll  differences in the calibration curve may lead to large changes in the calculated 

averagee molar masses and implicitly in the value of the PDI. 

Figuree 3: SEC of a broadly distributed high-MW polymer, with A/„=64,000 and 
MMww=\=\  56,000 (PDI=2.44). 

Thee choice of the detector in SEC depends on several factors, such as the properties of the 

analyte,, the desired range of sample concentrations and the desired type of information. A 

3 3 
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summaryy of different detectors together with their possibilities and limitations is 

representedd in appendix 1. 

Inn this thesis mainly UV and RI detectors have been used. Since the purpose of this work 

wass mainly fundamental, the analytes of interest were relatively simple polymers, having 

onlyy an MMD, such as narrowly and broadly distributed polystyrenes. In chapter 2, matrix-

assistedd laser-desorption/ionization time-of-flight mass spectrometry (MALDI-ToF-MS) 

wass employed as an alternative to estimate the PDI value of narrowly distributed PS 

standards. . 

1.2.. Calibration curves in SEC 

Thee purpose of SEC is to obtain accurate MMDs. Among the various steps that must be 

consideredd when comparing different methods in SEC are the modeling of the calibration 

curvee [2,3,4] and the transformation of the chromatographic peak into an MMD [2]. 

Calibrationn curves in SEC can be constructed in different ways. Table 1 provides an 

overview.. Most commonly, narrowly distributed standards are used, such as polystyrenes 

[2,3]]  or other monodisperse polymers [2,4]. Ideally, these have the same chemical structure 

ass the analyte polymers. If the standards are different from the analyte polymers, applying 

thee calibration curve as such results in biased ("relative") data. These are often used in SEC 

too compare different samples of the same kind {e.g. different batches of polymer). In fact, 

suchh comparisons can be performed using elution curves (chromatograms) instead of 

MMDs,, avoiding the need for calibration all together. To obtain accurate ("absolute") data, 

thee principle of universal calibration [2,5] can be used, merging polymers of diverse 

chemicall  nature and composition into a single plot. Also broadly distributed polymers, for 

whichh the MMD is accurately known, can be used as co-called "broad standards". Finally, 

severall  different detectors (mass spectrometry, light scattering) can be used to obtain 

quantitativee data on MMDs, even when no standards are available. 

4 4 
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Tablee 1: The applicability of narrow or broad standards for calibration in SEC; 
advantagess and disadvantages. 

Narrow w 

standards s 

Broadd standards 

Noo standards 

Standardd (reference) polymers 

Samee as analyte polymers 

 Accurate MMDs 

 Precision depends on quality of 

standardss and of model 

(calibrationn curve) 

 Accurate MMDs (depending on 

thee quality of the sample and the 

availablee information on its 

MMD) ) 

 Calibration curve can be 

computedd using the complete 

MMDD of the sample 

Differentt  from analyte polymers 

 Precise, but inaccurate 

("relative")) MMDs using 

standardd calibration curves 

 Accurate ("absolute") values can 

bee obtained using the principle 

off  universal calibration (requires 

Mark-Houwinkk constants or 

viscometricc detection) 

 Calibration curve can be 

computedd using the complete 

MMDD of the sample, to yield 

precise,, but inaccurate 

("relative")) MMDs using 

standardd calibration curves 

 Accurate ("absolute") values can 

bee obtained using the principle 

off  universal calibration (requires 

Mark-Houwinkk constants or 

viscometricc detection) 

 Qualitative comparison of polymer samples 

 Accurate MMDs by combining SEC with light scattering or mass 

spectrometry y 

Thee calibration curves in SEC are not linear across the entire working range of the column. 

Thee shape of the calibration curve depends on the pore-size distribution. To model the 

calibrationn curve, analysts may first try to determine whether a linear relation exist between 

log(MM)) and the retention time (or volume) across the range studied [2,6]. If so, the curve 

iss modeled by a (semi-logarithmic) linear equation. When the calibration curve is not linear, 

thee data are modeled using (semi-logarithmic) polynomial equations of the form 

logMM=X(^;)=X(a'/; )) (4) 

5 5 
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wheree n is the order of the equation and the sets of n+\ numbers a, or a', are the fitted 

coefficients.. Usually, no motivation is given for the choice of a specific function describing 

thee calibration curve. Figure 4a shows an example of a calibration curve, where a 

polynomiall  of order three was used based on the reasoning described in the next paragraph. 

Vanderr Heyden et al. [7] evaluated SEC calibration curves using chemometric approaches. 

Inn Figure 4 (b and c) the coefficient of multiple determination (R2) and the root-mean-

squaredd error (RMSE) are shown for a series of fits of increasing order through a set of 

calibrationn points. R2 estimates the fraction of the variation in log(MM) that is explained by 

thee regression. It is equal to the square of the correlation coefficient between the measured 

andd the predicted values. R' varies between zero (no correlation between the considered 

variables)) and unity (perfect fit  of the model). The RMSE is a measure of the average 

differencee between the predicted (y,) and measured (y,) values and it is defined as 

ZU-.v,)2 2 

RMSE E (5) ) 

Thee RMSE for the calibration points decreases when the fit becomes better and it becomes 

zeroo for a perfect fit. 

0.600 0.65 0.70 0.75 0.80 0.85 

relativee retention time (min) 

0.90 0 0.95 5 1.00 0 

Figuree 4a: Calibration curve on 250x4.6 mm i.d. Zorbax-PSM column, particle 
diameterr 5 jim and pore size 100 A manufactured by DuPont (Wilmington, DE, 
USA),, at 0.55 ml/min flow rate; injection volume = 22 uL polystyrene standards 
hadd a concentration of 1 mg/ml in Tetrahydrofuran (THF). 

Figuree 4b shows the different models fitted through the calibration points. The coefficient 

off  multiple determination (Figure 4c) increases steeply until «=3. For higher polynomial 

6 6 
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orderss R2 does not increase significantly, suggesting w=3 to provide a good fit with a 

minimumm number of coefficients. The same conclusion can be drawn from the plot of the 

RMSEE vs. the polynomial order. When using an unnecessarily high number of coefficients, 

thee complexity of the model increases and the incorporation of noise and artifacts in the 

modell  ("overfitting") becomes a danger. The conclusion from Figure 4 should therefore be 

thatt a polynomial order of 3 is most suitable to describe the experimental calibration curve 

off  Figure 4b. This was a general conclusion for the data sets considered in ref.[7]. 

1.000 0 

0.998 8 

33 4 
Orderr model 

Figuree 4 ("b and c): Series of calibration curves fitted through the same set of data 
pointss using different polynomial orders (b) R2 and (c) RMSE for the different 
models;; measured response: retention time , retention relative to toluene . 
Thee lines connecting the points are drawn for clarity only. 

1.3.. Band broadening in SEC 

Bandd broadening is the collective term in chromatography for all the phenomena that make 

thee peak broader. The main concern in SEC is that band broadening not only leads to a 

distortedd picture of the sample, but also affects the estimated MMD and the parameters 

characterizingg the distribution (e.g. M„,  Mw, PDI). The unwanted sources of dispersion in 

SECC can both be found inside and outside the column(s). We speak of column dispersion or 

7 7 
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bandd broadening and of extra-column band broadening. The latter is due to imperfect 

connections,, detectors, and injectors. In SEC of polymers not only chromatographic -

dispersionn effects contribute to the band broadening, but also the polydispersity of the 

sample,, commonly characterized by the polydispersity index (PDI). In SEC we aim to 

measuree the MMD of a sample. Therefore, the PDI contribution to the band broadening 

containss relevant information. It should be the dominant contribution to the observed peak 

width,, while column- and extra-column-dispersion contributions should be minimized as 

muchh as possible. 

Inn chromatography the dispersion is commonly expressed in terms of plate heights. From 

thee theory of Martin and Synge [8], the observed reduced plate height (/?) is given by 

HH L L <J,~ L vv,2,
h=h= — = = - = -^-^r (6) 

ddpp dpN dp tR' dp5.54xtR-

h-h- —- (oa) 
ddppVVRR dp 5.54 xK/ 

wheree H is the plate height, dp the particle diameter, L the length of the column, N the 

numberr of plates (or plate count), /# is the retention time, VR is the retention volume, and <J„ 

andd av and w,A 2 or HV.I: are the standard deviation of the peak and the peak width at half 

heightt in the appropriate (time or volume) units. 

Thee total observed reduced plate height can also be thought of as the sum of several 

contributions s 

observedd ^ r r a - c o l + ^ c o l + ^ DI ( 7 ) 

wheree /Wa-coi is the reduced plate-height due to extra-column effects, hm\ is the reduced 

platee height due to column dispersion and hpo\ is the plate height arising from the 

contributionn of the PDI. 

Thee additivity of these effects can be justified by rewriting eq. 7 in terms of the peak 

variance e 

^cLrvedd = °"col + ^Ln,-™! + CpDI (8) 
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wheree the observed peak variance (cr'observed) is described as the sum of contributions 

arisingg from column (cr2col), extra-column (o-2CXtra-coi), and polydispersity (er2PD[) effects. 

Itt is of a great practical interest to distinguish between the unwanted kinetic band 

broadeningg (due to column and extra-column effects) and the desired band broadening due 

too the PDI contribution. Two limiting cases arise from the concepts described above: 

1)) CT'PDI » cr~C0| + o^extra-coi, in which case cr"observed provides an accurate measure 

forr the sample PDI and accurate MM D information can be obtained from the 

chromatogram. . 

2)) <T"CO1 + <r  extra-coi » c"PDi , in which case <r "observed is an accurate measure for the 

bandd broadening due to chromatographic dispersion and instrumental imperfections. 

Iff  ideal monodisperse standards for SEC were available the latter limiting case could be 

easilyy studied. The extra-column band broadening can - in principle - be measured by an 

experimentt without a column installed. From the SEC experiment, the column dispersion 

couldd then be found from eq. 7 (with /?PDI=0) as hco\ - ôbserved - êwra-coi- Commercial 

standardss are characterized by a maximum polydispersity, specified by the manufacturer. 

Brusnell  et al. [9] studied the band broadening in SEC. They used very narrow standards 

(PDK1.01)) and thus were able to ignore the contribution of the PDI to the total band 

broadening. . 

Inn order to estimate the contribution of the PDI to the total plate height, Knox et al. [10] 

proposedd the following equation in 1977 

** =  L 

" P D II | , 

a a 

y \\ (PDI-l)(fl f + l) (9) 

wheree S is the inverse slope of the calibration curve (-d^/d(ln(MM)) and a is a correction 

factorr depending on the PDI of the analyte (eq. 10). 

aa = — ( P D I - l W ^ ( P D I - l ) 2 (10) 
44 12 ; 

Too use these equations to estimate the PDI contribution to the total band broadening, 

accuratee information on the sample PDI is vital. When applying the theory of Knox et al. to 

commerciall  standards with the PDI values specified by the manufacturers, the computed 

9 9 
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hpoihpoi values were found to overestimate the true contribution [11]. Usually, the specified 

PDII  value is an upper limit. It is now generally accepted that the real PDI value of 

commerciall  standards is smaller than the value specified by the manufacturer [12,13,14,15]. 

Vanderr Heyden et a!. [11] estimated the maximum value for the PDI (PDImax) of 

commerciall  standards by assuming that the PDI contribution dominated the observed band 

broadening.. The PDImax values were found to be somewhat lower than the PDI values 

specifiedd by the manufacturer. The obtained maximum values were compared to the 

minimumm values (Poisson distribution) predicted to arise from perfectly controlled 

polymerizationn reactions [16]. 

Thee width of an MMD can be directly estimated by coupling SEC (on-line) to 

concentrationn and light-scattering detectors [17], or (off-line) to mass-spectrometry using 

soft-ionizationn techniques, such as matrix-assisted laser desorption/ionization 

(MALDI )) [18]. MALDI is a soft ionization technique, which yields large, non-fragmented 

ions.. If the yield of the mass-spectrometer (determined by the combined efficiency of 

ionization,, separation and detection) can be assumed independent of the MM, the MALDI -

MSS spectrum is directly indicative of the molecular distribution of the polymer. MALDI 

requiress chemical homogeneity and some polarity. Unfortunately, variations in the MS 

responsee are still unavoidable. Therefore, the application of MALDI is limited to polymers 

withh relatively low MM [19] and, especially, narrow polydispersities [20,21]. This is 

schematicallyy illustrated in Figure 5. 

1.055 1 • 1 
i i 
I I 

1.044 " * 

I I 

1.033 " " 
\ \ 

££ MALDI • SEC 
~~ « 02 - region v region 

\ \ 
V V 

1.011 - * 

1.000 H 1 1 1 — " 1 

1.E+033 1.E+04 1.E+05 1.E+06 1.E+07 

MM M 

Figuree 5: Tentative limits of MALDI-ToF-MS compared to SEC with respect to 
thee MM and PDI of the samples. 
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Ass an illustration, we wilt compare the different approaches to estimate the PDI of narrowly 

distributedd samples for a polystyrene standard with a nominal (peak) molar mass of 

76,6000 Da. The manufacturer specifies a value of PDI < 1.03. This is compared to the value 

calculatedd by Vander Heyden et al. from SEC experiments [11], which leads to 

PDImax=1.012.. The polydispersity obtained from MALDI-ToF-MS experiments [11] is 

PDIMALDI == 1.003 and the value estimated from the Poisson distribution [11] is 

PDIpOiSS0n== 1.001. This series of values suggests that it is reasonable to assume that the 

Poissonn distribution represents a lower limit for the true PDI and that the PDImax value 

recalculatedd from SEC experiments is indeed a maximum value. The results from MALDI -

ToF-MSS are situated somewhere in the middle of the range. In any case the manufacturer's 

valuee is seen to be a safe upper limit, significantly overestimating the true PDI value. 

Experimentss described in chapter 2 (see Figure 2) confirm that band broadening due to 

columnn and extra-column contributions overshadow the band broadening due to sample 

polydispersityy in the SEC of narrow standards. This is in agreement with observations from 

Temperature-Gradientt Interaction Chromatography (TGIC), a technique that was found to 

yieldd much narrower MMDs than SEC. Lee et al. [13,15] claimed that the true PDI values 

aree smaller than the reported values (obtained by SEC), because band-broadening effects 

significantlyy affect the latter results. In case of polymers prepared by anionic 

polymerization,, the PDI values estimated from TGIC experiments approach those derived 

fromm the Poisson distribution. 

Figuree 6 illustrates the comparison between broadening in SEC due to chromatographic 

dispersionn and the information obtained by TGIC [13]. 

11 1 
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200 30 40 

300 35 
VR (ml) ) 

60 0 

-40 0 

Figuree 6: Comparison between TGIC and SEC (according to reference [13]) 
separationn of Poly(methyl methacrylate), (PMMA) by TGIC with (a) RI, (b) 
ELSS detection and by (c) SEC. 

Multi-anglee laser-light scattering (MALLS) is a very suitable detector for measuring not 

onlyy the absolute molar mass, but also the mean-square radius ((r)) of polymer molecules in 

solutionn [14,22]. The polydispersity of narrowly distributed samples can be determined 

fromfrom the variation in MM or (r) along the elution profile. Thus, MALL S coupled to SEC 

offerss another alternative to estimate the band broadening. Figure 7 represents the elution 

profilee and the calculated momentary weight-average molar mass (M„ ) of a protein of 

150,0000 Da. The lack of variation in MK observed across the entire peak shows that the 

samplee has been broadened by column dispersion rather than separated according to size. 

12 2 
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1.0e+5 5 

10.80 0 11.200 11.40 11.60 

Elutionn volume (mL) 

11.80 0 

Figuree 7: Elution profile (Optilab RI detector) and the observed weight-average 
molarr mass obtained by MALL S detection as a function of the elution volume 
forr a 150,000 Da protein [23]. 

Figuree 8 shows the elution profile and the momentary Mw value for a polyurethane sample. 

Thee calculated molar mass decreases clearly along the peak profile, demonstrating that the 

chromatographicc dispersion is overshadowed by the polydispersity of the analyzed sample. 

1.0x10 0 

1.0x10 0 
9.00 9.5 10.0 
Volumee (mL) 

Figuree 8: Elution profile (90° signal from light-scattering detector) and the 
calculatedd weight-average molar mass as a function of the elution volume for a 
polyurethanee sample [23]. 

Dependingg on the sample PDI and on the quality of the column, either situation may be 

encounteredd in SEC separations of synthetic polymers. Similar information on the band-

broadeningg can also be obtained from off-line SEC//MALDI-ToF-MS (Figure 9) [24] and 

13 3 
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fromfrom comprehensive two-dimensional size-exclusion chromatography (SECxSEC; see 

chapterr 6). 

5.60 0 

3.00 0 
5.00 0 6.844 7.76 8.68 

Elutionn volume im ml x10"2 

9.60 0 

Figuree 9: Off-line SEC//MALDI-ToF-MS of polybisphenol A carbonate, 
accordingg to reference [24], 

1.4.. Integrity indices 

AA new concept, introduced in this thesis for estimating the performance of SEC columns, is 

thee Integrity Index, referred to as IISEC- This index includes all the contributions to the band 

broadening,, in terms of plate heights or, equivalently, peak variances. Since the total 

observedd variance is the sum of all contributions to band broadening, we can write: 

22 2 2 . 2 

CTCT observed — CT PDI "T CT column ~r CT extra-column (8) ) 

Sincee the objective of SEC is to measure MMDs and to estimate PDI values, the Integrity 

Indexx can be defined as it follows: 

""  SEC V 22 2 2 

CTCT PDI + CT column + CT extra-colu: 

(11) ) 

HSECHSEC has a maximum value of 1, when the separation according to sample polydispersity 

(Ooi)) dominates the chromatographic band broadening, and a minimum value at zero, 

whenn the opposite is true. The former situation will be approached for broad samples on 
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highlyy efficient SEC columns and good instruments. The latter situation is more likely 

observedd for narrow standards and in case the efficiency of the separation is very low. A 

graphicall  visualization of IISEC as a function of the analyte MM and PDI is called an 

"Integrityy Plot". An example, corresponding to a PL-Gel 103A column, is given in 

Figuree 10. 

0.9 9 

08 8 

0.7 7 

0.66 ffi 
o o 

0.55 3. 
CO O 

0.44 f 
0.3 3 

0.2 2 

0.1 1 

Figuree 10: Contour plot in which the SEC integrity index is plotted as a function 
off  the sample PDI (horizontal axis; proportional to log(PDI-l)) and molecular 
weightt (vertical axis; log MM) for a PL Gel 103 A column (300x6.8 mm i.d., 
packedd with 5-um particles, effective MM range 500-60,000 Da; obtained from 
Polymerr Laboratories, Church Stretton, Shropshire, UK). Sample polymer: 
Polystyrene;; Eluent: THF; Flow rate: 0.7 ml/min. 

Itt can be seen from Figure 10 that this column (at a flow rate of 0.7 ml/min) shows IISEC 

valuess close to unity (the right side of the picture) for broad polystyrenes (PDI > 2) ranging 

inn molar mass from 1,000 to 3,000,000 and for more-narrowly distributed samples (PDI > 

1.3)) ranging from about 3,000 to 40,000. In this latter range the PL Gel 103 A column 

providess the greatest selectivity. The dark area on the left side of the picture corresponds to 

IISECIISEC values close to zero, meaning that the chromatographic (column and extra-column) 

bandd broadening dominates in the observed chromatogram. Integrity plots are applied and 

interpretedd extensively in chapters 2 and 4 of this thesis. They can be applied to any type of 

columnn at all experimental conditions. The qualitative information provided by this concept 

helpss in choosing the right column with respect to the PDI and MM of the samples of 

interest. . 
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1.5.. Small SEC 

Inn research areas such as forensic science [25] and art conservation [26], there is a great 

needd for methods that require small amounts of sample. While conventional SEC would 

typicallyy require about 40 \x\ of volume injected in the separation column (at typical 

concentrationss of 1 to 5 mg/ml of polymer), small SEC requires much smaller volumes. 

Miniaturizedd SEC is thus a very interesting option. The advantages of miniaturization in 

SECC arise not only from the need of less sample, but also from using much less mobile 

phase,, which reduces cost and leads to less toxic waste [27,28]. An additional benefit of 

usingg narrow-bore columns is the improved compatibility with detectors such as MS 

[24,29].. When analyzing samples that are difficult to dissolve at room temperature (e.g. 

polyolefins)) miniaturized SEC may allow easier control of the column temperature. 

Thee objective of miniaturized SEC is to obtain the same results as in conventional SEC in 

termss of the chromatographic separation and the resulting MMDs. When decreasing the 

columnn diameter from 7.8 (conventional SEC) down to 4.6, 2, and 1 mm, the amounts of 

samplee and eluent required may be reduced by a factor of about 3, 15, and 60, respectively. 

Narrow-boree columns have proven to be much more difficult to pack than conventional, 

wide-boree columns. Cortes et al. published a method for packing micro columns in SEC 

[27,30].. However miniaturized SEC columns (e.g. 1.0 mm i.d.) are not yet commercially 

available.. In SEC any imperfections in the packing structure of the column may have 

dramaticc effects, because of the very slow diffusion of polymers. This effect can be 

overcomee by using an electro-osmotic flow rather than a pressure-driven flow. The typical 

parabolicc flow profile characteristic of the latter is then replaced by a flat flow profile, 

enhancingg the efficiency of the separation [31]. However, in this so-called size-exclusion 

elcctrochromatographyy (SEEC) some of the selectivity may be lost by flow through pores 

off  the packing material. Also, SEEC is so far restricted to UV-active polymers and it is 

arguablyy much less robust than SEC. 

Thee slow diffusion of polymers mentioned above is a significant obstacle to the 

miniaturizationn of SEC. The slow diffusion is expected to lead to much greater extra-

columnn and column dispersion effects. The detection in miniaturized separation systems 

mustt take place in much smaller volumes. Microscale UV detectors with a short optical 

pathh length may be used for a limited range of polymers. A refractometric detector with a 

reducedd cell volume was previously reported for miniaturized SEC [32]. However, it is not 

16 6 
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easyy to connect any kind of detector to the outlet of the column without causing significant 

extra-columnn band broadening. Thus, the lack of suitable, miniaturized detector devices 

remainss a major problem. 

1.6.. Fast SEC 

Conventionally,, SEC requires separation times up to several hours and not shorter than 10 

too 15 minutes. An interesting recent development in SEC has been a significant drive 

towardss a gain in speed. Fast analysis not only reduces the analysis times, but sometimes 

thee eluent consumption. Therefore this subject has been of interest to several polymer-

sciencee groups [33,34] and industrial laboratories [35,36,37,38]. Dedicated Fast-SEC 

columnss are now available from several manufacturers [39,46]. The field of polymer 

analysiss is strongly application driven. The need for fast separation techniques arises from 

twoo different directions, (/') high-throughput experiments and combinatorial chemistry [39] 

andd (/'/) process monitoring. In recent years two-dimensional separation techniques have 

developedd rapidly in the field of polymer analysis. This can be seen as a special case of 

processs monitoring, with the first-dimension separation representing the process that is 

beingg monitored. 

Inn order to increase the speed of analysis in SEC several strategies have been employed. 

Researchh has been devoted to the development of stationary phases with smaller particle 

diameterss (e.g. Cortes et al. [27]). One disadvantage of this approach is the increased 

pressuree drop across the column. To overcome this problem ultra-high pressure liquid 

chromatographyy (UHPLC) was introduced by McNair et al. [40,41]. Another solution is to 

reducee the pressure drop by using monolithic columns. Due to their open structure, silica-

basedd and polymer-based monoliths may also offer increased chromatographic performance 

[42,43,44].. Unfortunately, the selectivity provided by monolithic columns for SEC 

(separationn based on molecular size) is still much inferior to that of typical columns packed 

withh porous particles, because monoliths have a smaller volume of mesopores that contain 

stagnantt mobile phase [45]. 

Anotherr approach to increase the speed of analysis was taken by Kilz et al. [46]. They 

comparedd the effect of increasing the flow on a conventional column (300x8 mm i.d.), 

decreasingg the analysis time from 20-60 min to 5-12 min, with the effects of decreasing the 

lengthh of the column. They also changed the diameter and the aspect ratio (the length-to-
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diameterr ratio) of the column (e.g. using a 50x20 mm id. column). Pasch et al. [34] 

comparedd a conventional SEC column (300x8 mm id.) with the short wide-bore column 

(50x200 mm id.). 

Whilee in miniaturized SEC the objective is to obtain identical chromatograms, in Fast SEC 

resolutionn is usually lost while speed is gained. Therefore, a compromise must be found. 

1.7.. Two-dimensional SEC 

Thee need for two-dimensional chromatography emerged from the existence of complex 

polymers.. Some polymers consist of molecules that vary in chain length, chemical 

composition,, functionality (functional groups or end groups), architecture, etc. [47]. Linear 

homopolyrnerss that contain only one type of monomers and show no variation in the end 

groupss are characterized by only an MMD. When a polymer consists of more than one type 

off  monomers (copolymers), it is characterized also by a chemical-composition distribution 

(CCD).. When a polymer contains different end-groups, it also features a functionality-type 

distributionn (FTD). Other distributions exist, such as the degree-of-branching distribution 

(DBD)(DBD) (in case of a branched polymer), or the block-length distribution (BLD) (in case of a 

blockk copolymer). The more complex the polymer, the more distributions exist. 

Too characterize a distribution it is necessary to separate the sample according to the specific 

propertyy (molecular weight or size for the MMD, chemical composition for the CCD, etc.). 

Withoutt such a separation only information on averages can be obtained. When more than 

onee distribution exists, more than one separation will be needed. When two or more 

distributionss are mutually dependent, two- or more-dimensional separations are required to 

fullyy characterize the polymer. 

Inn its early ages, two-dimensional chromatography was carried out off-line [48,49,50], with 

fractionsfractions from the first column being collected and re-injected in the second dimension. 

Thiss approach had some disadvantages, such as sample contamination and degradation 

duringg solvent evaporation, with repercussions on the precision and reliability. Erni and 

Freii  [51] were the first to introduce comprehensive two-dimensional chromatography, 

wheree the fractions collected from the first dimension are injected on-line into the second 

dimension.. In order to obtain comprehensive information, a large number of fractions must 

bee taken and different retention mechanisms should be used in the two dimensions. In 

comprehensivee two-dimensional LC numerous mechanisms are possible. The choice 
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dependss on the distributions of interest. When the MMD and CCD are required, one 

dimensionn can be 'interactive' LC, separating according to chemical composition, and the 

otherr can be SEC, separating according to molecular size. This combination of liquid 

chromatographyy (LC) with size-exclusion chromatography (SEC), abbreviated to LCxSEC 

[52]]  is most commonly used in polymer analysis. LCxSEC has a number of advantages in 

comparisonn with SECxLC [53]. 

Inn this thesis SECxSEC was used, not as a comprehensive technique for characterizing two-

dimensionall  distributions of polymers, but to evaluate band broadening in chromatography. 

Sincee the polydispersity of polymeric samples is not known precisely, fractionation by size-

exclusionn chromatography is used to obtain more-narrowly distributed fractions. When 

injectedd in the second dimension, these provide information on what is the dominant 

contributionn to the observed band broadening. SECxSEC is an elegant tool for 

simultaneouslyy estimating all contributions to band broadening in SEC. 

Inn LCxLC, the first dimension is a slow separation, leading to a large number of fractions, 

whilee the second dimension is a fast separation, to maintain a reasonable overall analysis 

time.. The faster and more efficient the second-dimension, the greater can be the overall 

resolutionn and peak capacity obtained by LCxLC. 

Scopee of the thesis 

Thee aims of this thesis are to understand and improve separations by size-exclusion 

chromatography,, with the ultimate objective of using smaller columns and achieving faster 

analysis.. Since the purpose of this work is mainly fundamental, the polymers studied were 

well-characterizedd (narrow and broad) polystyrenes. 

Bandd broadening is a major issue in SEC. It is extensively studied in chapters 2 and 6. 

Variouss theoretical and experimental methods to estimate the polydispersity of polymer 

sampless are compared. The concept of integrity plots is introduced to provide quantitative 

informationn on the performance of specific columns under selected experimental conditions 

forr samples of varying molecular weight and polydispersity. 

Thee initial main purpose of this thesis was the miniaturization of SEC. This has several 

advantages,, including the use of smaller amounts of solvent, analyte polymer, and 

stationaryy phase. This leads to less toxic waste and lower costs. Miniaturized SEC has very 

interestingg applications in fields such as forensic science and art conservation, where small 
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samplee amounts are essential. Unfortunately, the miniaturization of SEC is hindered by a 

lackk of compatible detectors and commercially available columns. In polymer analysis the 

loww diffusivity of the samples makes band broadening more difficult to control on a 

miniaturizedd scale. This subject is extensively described in chapter 3. 

Duee to an emerging interest in fast polymer separations, the focus of this thesis was shifted 

towardss Fast SEC. With applications in the fields of combinatorial chemistry, high-

throughputt experimentation, and process monitoring, Fast SEC requires a compromise 

betweenn speed and resolution. In chapter 4 the effects of column length, pore-size 

distribution,, and flow rate are studied. Reduced plate-height vs. reduced velocity curves are 

presentedd and the efficiency of Fast SEC is discussed. 

Inn chapter 5 'Poppe-plots' for SEC are compared to conventional plots for LC, with special 

emphasiss on the region of very high reduced-velocities. The advantages of ultra-high-

pressuree separations are clearly outlined. 

Two-dimensionall  chromatography requires (preferably) a small (miniaturized) first-

dimensionn separation, combined with a fast second dimension. This combination of faster 

andd smaller polymer separations forms a logical and interesting conclusion to this thesis. 

Sincee the exact value of the polydispersity of polymers is not usually known, SECxSEC is 

ann elegant tool to study the various contributions to band broadening simultaneously. 

NoteNote to the text 

Thee chapters of this thesis have been prepared as articles for publication in international 

scientificc journals and can be read independently. Therefore, some overlap may occur. 
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Appendixx 1 

Detectorss in SEC 

Concentration n 

detectors s 

Ultraviolet t 

Refractivee Index 

Evaporativee Light 

Scattering g 

Application n 

Molecularr size-

Distributionn (MSD) 

Molecular-mass s 

distributionn (MMD) 

afterr calibration with 

narroww standards; 

peakk characterization 

MSD,, MMD after 

calibrationn with 

narroww standards. 

MSDD (distorted 

picture) ) 

Informatio nn provided 

UVV absorbance spectra 

off  the sample 

component. . 

Differencee in 

refractivee index 

betweenn the mobile 

phasee and the mobile 

phasee containing the 

analytee sample. 

Lightt scattered after 

nebulizingg the column 

effluent t 

Comments s 

Linear;; high sensitivity; 

limitedd to UV active 

samples.. [2,9,11,27,44] 

Linear;; temperature 

dependent;; flow-

sensitive;; modest 

sensitivityy [2,35] 

Non-linear,, very high 

sensitivity.[35] ] 

MW-selective e 

detectors s 

Viscometer r 

Lightt  Scattering 

Application n 

Intrinsic-viscosity y 

distributionn (IVD); 

degreee of branching 

distributionn (DBD) 

Branching; ; 

Molecular r 

conformation n 

Informatio n n 

provided d 

Polymerr intrinsic 

viscosity y 

Absolutee Mw and 

radiuss of gyration (R^) 

off  macromolecules in 

solution n 

Comments s 

Noo calibration 

necessary;; IVD less 

sensitivee to SEC 

instrumentall  band-

broadening;; Sensitivity 

increasess with MW 

[2,26] ] 

Insensitivee at low MW, 

sensitivityy proportional 

too the MW 

[13,14,15,22,23] ] 
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MW-selective e 

detectors s 

{continued) {continued) 

Tripl ee SEC 

Application n 

MMD ,, RGD, DBD, 

IVD, , 

Informatio n n 

provided d 

Concentrationn and 

masss characterization 

off  the analyte 

Comments s 

Expensive;; Use at high 

temperaturess is difficult 

Hyphenated d 

systems s 

Masss Spectrometry 

Nuclearr  Magnetic 

Resonance, , 

Infrare d d 

Application n 

Molar-mass--

distributionn of 

analytes; ; 

Distortedd spectrum 

forr broad samples 

Averagee chemical 

compositionn polymer 

inn effluent 

Informatio nn provided 

Identificationn and 

quantitation n 

Identification, , 

structuree determination 

Comments s 

Ass ionization source 

MALD II  is most 

suitablee for polymer 

analysis;; low 

polydispersee analytes 

aree suitable, while 

high-MWW and broadly 

distributedd samples 

cannott be properly 

analyzed. . 

[19,20,24,29,] ] 

Highh concentration is 

needed;; off-line 

analysiss is easiest 
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