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Chapterr  2 

Bandd Broadening in Size-Exclusion Chromatography of 

Polydispersee Samples 

Abstract t 

Bandd broadening is a very important phenomenon in SEC. Understanding and controlling 

thee band broadening is essential to obtain accurate molecular mass distribution information. 

Thee observed band broadening in SEC is due to dispersion inside and outside the 

chromatographicc column (undesirable band broadening) and to the polydispersity of the 

samplee (desirable SEC selectivity). The various contributors to band broadening are 

extensivelyy studied is this chapter. Integrity plots are introduced to evaluate the 

performancee of various systems. MALDI-ToF-MS is demonstrated as an alternative to 

determinee the PDI of narrowly distributed samples. 

2.1.. Introductio n 

Size-exclusionn chromatography (SEC) is a mature form of liquid chromatography (LC). In 

19799 the book Modern Size-Exclusion Liquid Chromatography, by W.W. Yau, J.J. 

Kirkland,, and D.D. Bly [1] appeared. Twenty-five years later, this is still an eminently 

usefull  and astonishingly up-to-date treatise of the field. However, it is inevitable that size-

exclusionn chromatography has changed in a number of ways, viscometric [2] and light-

scatteringg detectors [3] have become much more prominent [4]. Lately SEC has been 

coupledd on-line and off-line with contemporary mass-spectrometric techniques, such as 

electrosprayy (ESI)[5] and matrix-assisted laser-desorption/ionization (MALDI ) [6,7]. 

Especiallyy the (off-line) coupling with MALDI is expected to have a great impact on the 

practicee of SEC [8]. Unlike other forms of LC, miniaturization has attracted only marginal 

interestt [9], In contrast, fast separations by SEC have drawn a great deal of interest in the 

lastt few years [10,11,12]. A number of important aspects associated with the trends towards 

smalll  (miniaturized) and Fast SEC are summarized in Table 1. 

Bandd broadening is a very important topic within any chromatographic technique. The 

provenancee of the chromatographic bandwidth and the peak shape in SEC are, however, 
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differentt from those in other forms of chromatography. Although the application of SEC to 

monodispersee analytes, such as proteins, is certainly not unimportant, the technique is most 

commonlyy applied to polydisperse samples. The discussion in this paper wil l be limited to 

thee latter kind of samples. Literally, a polydisperse sample contains many different kinds of 

molecules.. The individual molecules in a sample of a synthetic polymer can vary in many 

ways:: molecular weight, branching, end groups and functional groups, chemical 

composition,, block length, stereo-regularity (tacticity), etc. Any of these properties can be 

characterizedd by a distribution. Although not all distributions are relevant for all polymers 

(e.g.(e.g. chemical composition and block length are relevant for copolymers, but not for 

homopolymers),, it is clear that synthetic polymers consist of very complex mixtures of 

molecules. . 

Tablee la: Effect of a decrease in the column length, of the column diameter on various 
parameterss in SEC. 

Effectt of decreasing —> 

onl l 

Thee analysis time 

Thee retention volume 

Elutionn window (time units) 

Elutionn window (volume units) 

Volumee of eluent required 

Permissiblee extra-column volume 

Chromatographicc resolution 

Sensitivityy (peak height) 

Detectorr compatibility 

Thee column length1 (L) 

FastFast SEC 

Decreasingg (-r- L) 

Decreasingg {+  L) 

Decreasingg (+ L) 

Decreasingg (H- L) 

Decreasingg (4- L) 

Decreasingg (4- L) 

Decreasingg (4- L) 

Increasingg (-W/,) 

Nott affected1 

Thee column diameter2 (dc) 

//-SEC C 

Nott affected 

Decreasingg (4- d,2) 

Nott affected 

Decreasingg (4- d,~) 

Decreasingg (4- d,2) 

Decreasingg {-f- d2) 

Nott affected 

 Increasing (+ dc~) in case 
off  constant injected 
amount t 

 Not affected in case of 
constantt column loading 

 Better: MS 

 Worse: RI, viscometry, 
lightt scattering 

11 The effect of increasing the flow rate is similar to thatt of decreasing the column length. 
22 The flow rate is supposed to decrease with decreasing column diameter (F+ dt~), so as to 

keepp the linear velocity constant. 
33 If (very) high flow rates are used in Fast SEC, then this will complicate the use of various 

detectorss (especially MS and viscometry). 
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Tablee lb: Effect of a decrease in the column length, of the column diameter on various 
parameterss in SEC. 

Effectt  of decreasing —> 

on4 4 

Column n 

ÖPDI I 

CC extra-column 

""  column ' & extra-column 

Chromatographic-integrityy index 
(//chrom,, eq. 13) 

ö""  PDl l<y column 

Theoreticall  SEC-integrity index 
(th//SEC,, eq. 14) 

Practicall  SEC-integrity index 
rp//SEc,eq.. 15) 

Thee column length 
(L) (L) 

FastFast SEC 

Decreasess (^ VZ) 

Decreasess (+- L) 

Nott affected 

Decreasess (-H L) 

Decreases s 

Decreasess O L) 

Decreases s 

Decreases s 

Thee column diameter  (V/c) 

//-SEC C 

Decreasess (4- 4-2) 

Decreasess (4 t^2) 

Nott affected 

Decreasess (4- a^2) 

Decreases s 
(possiblyy strongly) 

Nott affected 

Nott affected 

Decreases s 

**  volume units 

SECC is mainly concerned with the determination of molecular-weight distributions (MWD) 

or,, equivalently, molar-mass distributions (MMD). In combination with viscometric or 

light-scatteringg detection SEC can also be used for characterizing degree-of-branching 

distributionss (DBD). In combination with other separation techniques SEC is of increasing 

importancee for determining other, more-complex distributions. An important example is the 

combinationn of ("interactive") liquid chromatography and SEC in comprehensive two-

dimensionall  liquid chromatography (LCxSEC) [13]. This allows the characterization of two 

mutuallyy dependent distributions simultaneously. One way to describe these is as 

comprehensivee two-dimensional distributions, representing, for example, functionality type 

andd molecular weight (FTDxMMD) or chemical composition and molecular weight 

(CCDxMMD). . 

AA distribution of a property of the molecules of a synthetic polymer can be described as a 

plott of the number of molecules or the weight fraction of the sample vs. the value of the 

property.. Although the complete picture is needed to fully characterize the distribution, 

polymerr chemists usually work with characteristic averages. For example, for the 

molecular-weightt distribution these are defined in reference 1. A key role is played by the 

polydispersityy index (PDI or D), which is defined as the ratio of the weight-average 
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molecularr weight (A/„) and the number-average molecular weight (Mn): PD\=MJMn. This 

ratio,, which is equal to 1 for monodisperse samples and always greater than unity for 

polydispersee samples, is indicative for the width of the molecular-weight distribution and, 

therefore,, for the polydispersity of the sample. For narrowly distributed polymers 

(standards)) it is typically around 1.05 and for broadly distributed synthetic polymers the 

PDII  can easily exceed a value of 2. 

Itt is relevant in the context of the present paper to indicate the direct relation between the 

PDII  value and the standard deviation of a distribution [14], i.e. 

crr = M„VPDI- l (1) 

Thiss equation implies that a polydispersity of 1.05 corresponds to a relative standard 

deviationn (i.e. relative to M„)  of more than 20%. If we were to treat this MMD as if it was a 

chromatographicc peak, the equivalent number of plates would be 

Forr a narrow polymer standard with PDI=1.05, we find jVpoi=20. Thus, what is perceived as 

"narrow""  by polymer chemists is awfully broad from the perspective of a chromatographer. 

Inn SEC of polydisperse samples band broadening is an ambivalent issue. In this paper 

differentt contributions to band broadening are discussed, viz. chromatographic dispersion, 

extra-columnn dispersion, and chromatographic selectivity. A clear distinction must be made 

betweenn them. The former two contributions are undesirable, whereas the latter is a 

desirablee effect. In this paper the three individual contributions are studied separately as 

muchh as possible. However, for synthetic polymers they cannot be measured independently, 

becausee monodisperse samples do not exist. Previously, Dawkins and Yeadon [15] have 

studiedd band broadening in SEC for monodisperse proteins, but they did not correlate the 

dataa obtained for monodisperse proteins with those obtained for polydisperse (but narrow) 

polystyrenee samples. 

Thee theory of Knox et ai. [16] is applied to estimate the contribution of polydispersity 

(PDI)) to the band broadening (chromatographic-selectivity contribution). The Knox theory 

relatess the observed band width to the selectivity of the system (expressed in terms of the 

slopee of the SEC calibration curve) and the homogeneity of the sample (expressed in terms 
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off  its polydispersity). In order to apply KJIOX' theory, the exact value of the polydispersity 

mustt be known. However, it turns out to be difficult to obtain independent measures of the 

PDII  with sufficient accuracy and precision. It has been demonstrated [ 17] that the PDI of a 

polymericc standard specified by the manufacturer is an upper limit, while the Poisson 

theoryy (which is thought to describe the molecular-weight distribution of a polymer 

synthesizedd by anionic polymerization) yields a lower limit. In recent years matrix-assisted 

laser-desorption/ionizationn (MALDI ) Time-of-Flight (ToF) mass spectrometry (MS, 

togetherr MALDI-ToF-MS) has emerged as an independent method for measuring the PDI. 

Suchh new possibilities provide new impetus for the study of band broadening in SEC. 

Bothh chromatographic dispersion and extra-column dispersion are undesirable in SEC. The 

formerr can be minimized by operating columns that are well packed with small particles at 

aa low flow rate. However, chromatographic dispersion is inevitable and it can never be 

reducedd to zero. In contrast, the extra-column band-broadening contribution can (and 

should)) be reduced to negligible values by minimizing the length and diameter of 

connectingg tubing, by optimizing connections, minimizing injection and detector volumes, 

andd by optimizing the flow geometries in all components of the system. 

SECC can be used successfully to characterize molecular-weight distributions if the 

chromatographicc dispersion and the extra-column dispersion are negligible in comparison 

withh the chromatographic selectivity. If the dispersion contributions are not negligible, then 

itt is - in principle possible to carry out a mathematical correction [18,19], provided that 

sampless or standards of negligible or known dispersity are available. Such mathematical 

correctionss are beyond the scope of the present treatment. Under ideal conditions, SEC 

providess a direct estimate of the MMD and of the characteristic averages of the sample. 

However,, in references [20,21] it was demonstrated that the PDI values obtained for 

narrowlyy distributed samples using temperature-gradient interaction chromatography 

(TGIC)) approached those estimated from the theoretical Poisson distribution, while the 

valuess derived from SEC (using calibration relative to PS standards) were reported to be 

considerablyy higher. Thus, there is some doubt as to the applicability of SEC for correctly 

measuringg polydispersities. 

Inn this paper we will reconsider the various factors that determine the bandwidth in SEC. 

Extra-columnn contributions are measured and minimized. Various ways are explored to 

characterizee the polydispersity of polymer standards and to establish the polydispersity 

contributionn to chromatographic band broadening. In case of synthetic polymers it is 
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impossiblee to measure the chromatographic-dispersion contribution to the observed 

bandwidthh independently. Consequently, the chromatographic contribution is estimated 

from from 

Experimentall  results are compared with simulations based on conventional 

chromatographicc theory. It is demonstrated that band broadening in SEC deviates from 

theoryy in some cases, especially around the total-exclusion limit of the column, where 

bandss are broader than expected, and at high flow rates, where bands are narrower than 

expected. . 

2.2.. Theory 

2.2.1.. Band broadening in size-exclusion chromatography 

Inn chromatography band broadening is a collective term used for all the unwanted 

dispersionn phenomena that occur during a separation. Due to dispersion and due to 

chromatographicc separation (selectivity) of polydisperse samples the chromatographic 

peakss that are detected at the end of the column are broader than the initial injection 

profiles.. Dispersion phenomena can be due to fundamental effects, such as molecular 

diffusionn or different path lengths in a packed bed, or to experimental irregularities, such as 

imperfectlyy packed columns or poor connections. Band-broadening effects may occur 

insidee the chromatographic column or in the injector, detector and tubing. Therefore, we 

distinguishh between column band broadening and extra-column band broadening. 

Ass in all forms of chromatography, band broadening in SEC is one of the factors that 

determinee the eventual resolution. However, in SEC of synthetic polymers the peaks of 

individuall  analytes within the distribution cannot be discerned, apart from the smallest 

oligomerss (often referred to as fingers or fingering in the SEC of low-MM standards). The 

peakss obtained in SEC are envelopes representing (large) series of convoluted peaks. The 

apparentt efficiency or plate count of the separation (M,bs) or, equivalently, the plate height 

(Z/obs)) can be measured in the same way as in other forms of chromatography, viz. 

NN--[ï]---[ï]- 5M5Mi^)i^)  <4) 
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//... = 
* , * „ , , (5) ) 

wheree VR is the retention volume, <J\ the standard deviation of the peak expressed in 

volumee units, Wjn the peak width at half height in volume units and L is the column length. 

However,, we should realize that AUs and Hohii have a different meaning in the SEC of 

polydispersee samples. 

Iff  the eluted peak does not have a Gaussian profile, a better way to express the plate 

numberr and the plate height is by using the statistical moments. In that case eq. 1 and 2 

become e 

N^=^N^=^  (6) 
Mi Mi 

v>" .. J 

wheree /j\ and /ui are the first and second normalized central moments, respectively. 

Bandd broadening can be discussed either in terms of peak moments or, equivalently, in 

termss of variances. The latter is common in chromatography and in the following 

discussionn we will therefore use this terminology. The total observed variance for a peak of 

aa polydisperse analyte is 

^observedd = ^PDI  + ^column + °"ex tra -column ' ' 

Notee that eq. 8 requires that all variances are expressed in the same units, e.g. ul2. Several 

differentt situations can be distinguished. 

1.. Ideal chromatography 

ii =
columnn extra-column V ' 

^c le rvcdd = Column 

Ideally,, in chromatography all individual sample components are separated (so that 

C'PDII  = 0), and ideal chromatography is achieved by minimizing o""extra.coiumi1, rather 
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thann by maximizing <T2
Coiumn. The latter seems rather obvious, but it is not in the context 

off  size-exclusion chromatography. 

2.. Ideal SEC 

<7pD|| > > CTQo]umn 

columnn extra-column ^ 

Inn the most typical application of SEC, the objective is to determine the characteristics 

off  the MMD (e.g. M„,  MH and PDI), which is equivalent to determining the peak 

positionn (and converting this to a peak molecular weight by so-called calibration) and 

thee peak width (<T2PDI). Ideally, to determine fr>D[ accurately by SEC, all other 

contributionss to the observed band width should be negligible. 

Ass mentioned above, the usual chromatographic practice to minimize a exira-coiumn, 

ratherr than to maximize er~L-„|umn does not apply as much in SEC as in other forms of 

LC.. There has been a sustained and undeniable trend towards miniaturization in LC 

Slowly,, but definitely, columns of conventional diameter (4.6 mm i.d.) are making way 

forr narrower columns (often 1 or 2 mm id.). This is not true for SEC. In SEC 4.6-mm 

id.id. columns are being used, but more commonly column diameters are still larger 

(typicallyy 7 or 8 mm id.). For several reasons, it is difficult to minimize the extra-

columnn band broadening in SEC. Polymers are big and slow. Dispersion in open tubes 

(andd in other parts of the instruments) is much greater if the molecular diffusion 

coefficientss are smaller. Because diffusion coefficients decrease with increasing 

molecularr weight, this implies that the extra-column band broadening is greater on the 

high-molecular-weightt side of a SEC peak than on the low-molecular-weight side. This 

impliess that extra-column band broadening is not only difficult to suppress, but also 

difficultt to account for quantitatively. Therefore, the common approach in SEC is to 

maintainn a high value for ö-2C0|umni thus reducing the necessity of paying serious 

at tent ionn tO ö^extra-column-

Whetherr or not cr "a,tUmn can be kept much smaller than a >DI depends to a large extent 

onn the value of the latter. Clearly, it is much easier to approach "ideal-SEC" conditions 

forr broadly distributed polymers, than it is for narrowly distributed samples 

("standards"). . 
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3.. Sample-challenged SEC 

»a, »a, 
columnn extra-column 

a: a: 
Hmü>o.ll  (11) 

CTCTPDI PDI 

^observedd ~~ ^column + ^PDI 

Iff  the PDI of the sample is low {e.g. 1 < PD1 < 1.1) it is quite difficult to achieve "ideal-

SEC"" conditions. The chromatographic dispersion is then of the same order as the 

samplee polydispersity. When such narrow samples or standards are being analyzed by 

SEC,, the observed chromatographic peak is not representative of the MMD. The 

conditionss of eq. 11 are typically unacceptable for (polydisperse) samples, but 

acceptablee for standards. 

4.. Experimentally challenged SEC 

'-'"extra-columnn — P l^column + ^PDI / 

22 _ 2 2 2 _ / , ff2\( 2 2 ) (l2> 
^"observedd ~ ^column + ^extra-column + ^PDI ~ V + P ) l^column + ^PDl / 

Inn this case the extra-column band broadening plays a significant role. The factor J3 in 

eq.. 12 can be used to illustrate that there is a good deal of tolerance in chromatography. 

Forr example, if the extra-column standard deviation were half as large as 

thee combined standard deviation for column and sample effects 

(i.e.(i.e. öbura-coiumn = 0.5V(o"2COh,mn + cr2pD])), then the value of p2 would be 0.25. Relative 

too the situation in which no extra-column band broadening were present, the observed 

dispersionn (a'observed) would increase by 25% and the observed plate count (̂ observed, 

seee eq. 4) would decrease by 25%. However, the observed peak width (obbsen-ed) would 

stilll  only increase by a factor V(l+/?2), i.e. by about 12%. If the purpose of a SEC 

separationn is to determine the sample MMD , then an increase in the observed dispersion 

(i.e.(i.e. in the factor (PDI-1), see eq. 2) by 25% is arguably too large. A value of 10% 

(P(P22 = 0.1) seems a more reasonable upper limit. 

Theree are several different possibilities within case 4, depending on the relative 

magnitudess of <r2coiumn and cr2PDi . However, we do not need to elaborate on these 

separately.. The best advice to chromatographers is to do anything they can to change a 

case-44 situation into one of the three other ones by minimizing the extra-column band 

broadening.. One way of studying the extra-column band broadening is to remove the 
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columnn from the instrumental set-up. In principle, this reduces both cr2eoiumn and <T2PDI 

t oo Ze ro, SO that a observed - CF 'extra-column-

Thee columns typically employed in SEC are not only broad, but also long. Commonly, 

severall  columns of 300 to 500 mm length are connected in series, to reach total column 

lengthss (L) up to several meters. Increasing the column length does help to improve the 

ratioo between ö"""eoiumn (increasing proportionally with L) and er'extra-coiumn (independent 

off  L), so as to minimize the effect of the latter. We can define a chromatographic-integrity 

indexx (Ilchmm) as follows: 

IIII rhrh = . gVolumn (13) 
Chromm I : , ^ v ' 

VV column cxira-column 

//chrom,, takes on values between 0 (totally unacceptable) and 1 (100% chromatographic 

integrity).. Both longer and broader columns will lead to an enhanced chromatographic 

integrityy (higher value of //chrom). The effect of the column diameter on //chrom is expected 

too be much greater. The effects are significant when //chrom is much smaller than unity, but 

theyy diminish when complete integrity is approached (//chrom ~1)-

Likewise,, we can define a theoretical SEC-integrity index ("V/SEC) as follows 

y°"pDIy°"pDI +(T'column 

whichh takes on a perfect value (' IISEC = 1) if the only factor affecting the observed peak 

shapee and width is the polydispersity of the sample. "HSEC increases when the column 

lengthh is increased. However, the increase is slow. Starting from a situation in which 

o"2coiumnn is dominant (bad conditions for SEC), ' IISEC may increase by a factor up to Vl . 

Underr better conditions (Ö"2PDI
 >cr2C0|umn) the effect is much smaller. Another "golden 

truth"" of chromatography is worth remembering. Better columns {i.e. a lower plate height, 

achievedd by using smaller, more-homogenous particles, better packing, etc.) are a much 

betterr investment than longer columns. 

Finally,, we can define a practical (experimental) SEC-integrity index (expIIsEc) 

cxpjjcxpjj &PD1 / 1 5 x 
1111

 SEC I—5 ; ; \LJ7 

V ^ P / J// "*" & column + ^extra-column 
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Likee ' IISEC, expUsEc only takes on a perfect value of unity if the MMD of the sample is the 

onlyy factor affecting the observed peak. Unlike the theoretical index, expIISEC may also be 

affectedd by the column diameter. The SEC-integrity indices are defined such that they 

directlyy reflect variations in the width of the observed MMD. If  expHSEc = 1 the observed 

chromatographicc bandwidth can be converted without correction to the sample 

polydispersity.. If  IXPIISEC = 0.9 only 90% of the observed bandwidth is due to the 

polydispersityy (and the calculated PDI will be approximately 20% higher than the true 

value,, see eq. 2). 

Thee anticipated effects of reductions in the column length (Fast SEC) or the column 

diameterr (//-SEC) on the chromatographic-integrity indices are summarized in Table lb. In 

thee case of Fast SEC the chromatographic resolution is the main point of concern. 

Reducingg the column length (keeping other parameters constant) leads to a reduced 

resolution,, as does an increase in flow rate. In the case of miniaturized SEC extra-column 

bandd broadening is the main threat. The theoretical SEC-integrity index is not affected, but 

thee practical index is. 

Tablee 2 summarizes our definitions of different types of chromatography in terms of the 

chromatographic-integrityy indices. In ideal chromatography, extra-column band broadening 

iss negligible. This is also the case in ideal SEC. In addition, in ideal SEC the 

chromatographicc dispersion is negligible in comparison with the dispersion due to the 

samplee PDI. If the latter is not the case, SEC will not be ideal, even if the experimental 

(chromatographic)) factors are controlled adequately (//Chrom = 1). If the chromatographic 

factorss are not under control, SEC may be a good technique in theory, but not in practice. 

Thee column variance is also affected by the flow rate (F). Because the chromatographic 

efficiencyy increases (and er2co]l,mn decreases) with decreasing flow rate, the effect of 

decreasingg F resembles the effect of increasing L. In this paper we will investigate some of 

thee effects associated with variations in the column diameter, the column length and the 

floww rate in SEC. 
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Tablee 2: Integrity indices for different kinds of chromatography 

Ideall  chromatography 

Non-ideall  chromatography 

Ideall  SEC 

Sample-challengedd SEC1 

Experimentally-challenged d 
SEC2 2 

Chromatographic--
integrit yy index 

Ha,ra„, Ha,ra„, 

eq.. 13 

1 1 

<< 1 

1 1 

] ] 

<< 1 

SEC-integrityy index 

Theoretical l 

eq.. 14 

00 (or  N/A) 

00 (or  N/A) 

1 1 

<< 1 

<< 1 

Experimental l 

1'SEC 1'SEC 

eq.. 15 

00 (or N/A) 

00 (or N/A) 

1 1 

== "7/s,:c 

<< 'h//sKC 

Sample-challengedd conditions mainly occur when characterizing narrowly distributed 
sampless and/or when using short columns ("Fast SEC1'). 

22 Experimentally-challenged conditions mainly occur when using columns with narrow 
diameterss ("MicroSEC"). 

Iff  we want to control the individual contributions to the total band broadening and to 

achievee maximum chromatographic and size-exclusion-chromatographic integrity, we must 

bee able 

 to distinguish between the three different contributions to the total band broadening; 

 to measure them independently or to otherwise obtain estimates of their respective 

magnitudes. . 

2.2.2.. Column band broadening 

Althoughh chromatographers tend to speak of the column dispersion and, more frequently, 

off  the column plate count (the two being related by eq. 4), the value of <7"coiumn is strongly 

affectedd by the analyte and by the chromatographic conditions (mobile phase, flow rate). 

Thee process of peak dispersion in the column is generally considered to be governed by 

threee phenomena: diffusion in the axial direction, flow pattern effects (consisting of eddy-

diffusionn and mass-transfer in the mobile phase), and resistance to mass transfer in the 

stationaryy phase (or stagnant mobile phase). In order to compare different systems, the 

chromatographicc efficiency is often expressed in terms of the reduced (dimensionless) plate 

heightt (h), which is defined as the plate height divided by the particle diameter of the 

stationaryy phase. From eq. 4 and 5 we obtain 

d„ d„ 
KKdd, , KKVV« « 5.54x ĉ c 

(16) ) 
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orr h 
KKdd?J ?J 

% || (16a) 

Becausee the reduced plate height is proportional to the variance, eq. 8 can also be written in 

termss of the reduced plate height as follows: 

uu =h +h +n (17) 
"observedd "PDI  T "column ^ "extra-column v ' 

Thee concept of reduced plate heights suggests that all similar columns (e.g. all columns 

packedd with uniform spherical particles) should perform identically when compared at 

identicall  conditions, specifically at the same reduced velocity (v) 

vv =  ̂ (18) 
DDm m 

wheree u is the average linear velocity (of a fully excluded compound), dp the particle size 

andd Dm the diffusion coefficient of the analyte (polymer) in the mobile phase. Diffusion 

coefficientss depend strongly on the mobile phase (typically decreasing with increasing 

mobile-phasee viscosity) and on the analyte (typically decreasing with increasing molecular 

weight).. For example, the following equation [22] is commonly used to describe the 

diffusionn coefficient (in mm2/s) of polystyrene in THF 

DDmm==  0.0386 Af"-57 (19) 

Thiss equation implies that if the molecular weight of a polystyrene sample is a factor 10 

higher,, the diffusion coefficient is reduced by 73%. The range of polystyrenes typically 

encounteredd in SEC studies covers four orders of magnitude, from oligomers with 

molecularr weights of a few hundreds to large polymers with molecular weights in the 

millions.. Across this range the diffusion coefficient decreases by a factor of about 200. In 

orderr to achieve truly comparable conditions, very large polymers should be 

chromatographedd at a 200 times lower flow rate than oligomers. This is not realistic. In 

practice,, SEC is performed at a constant flow rate and at a linear velocity that is a factor 2 

too 5 lower than that typically used for eluting small analyte molecules. 
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Thee simplest way to describe the effect of the (reduced) flow rate or (reduced) velocity on 

thee chromatographic plate height is 

D D 

h=Ah=A  + — + Cv (20) 
v v 

Thiss equation is commonly referred to as the "van-Deemter" equation (in the H vs. u form), 

butt also frequently ascribed to Giddings (in the reduced, h vs. v form). The applicability of 

thiss equation for the size-exclusion chromatography of large molecules will be investigated 

inn this paper. 

Bandd broadening in SEC has been studied by Busnel et al. [23], using very narrow 

polystyrenee standards (PDK1.01). They neglected the contribution of the polydispersity to 

thee total band width, which may be justified by the theory of Knox et al. [16]. 

2.2.3.. Extra-column band broadening 

Significantt extra-column band broadening arises from different sources, such as long and 

widee connection tubes and inappropriately large injection or detection volumes, or from 

poorlyy designed injectors or detectors or poor connections that induce stagnant volumes. 

Alll  of these result in unwanted band-broadening contributions and therefore need to be 

avoidedd as much as possible. The sample should be introduced onto the column in a 

sufficientlyy narrow band, so that peak broadening caused by injection is negligible. All 

fittingss and connectors, anywhere in the flow path between the sample injector and the 

detector,, should be designed to introduce a minimum dead volume. Sample detectability is 

limitedd by the noise of the detector arising from instrument electronics, temperature 

fluctuations,, flow changes due to pump pulsation and similar effects [24]. 

Thee dispersion caused by (long) capillaries can be estimated from the Taylor equation 

^  ̂ _ »u,bc <be ,2 _ PW*) f(^/4)<u b cI l l l b c 
'-'tubee ~ n r T T  ̂ ' lubt ~ 

96ItubcA„„  96L[uhcDA F 

(;r/4K4
ubcL luhc c 

(21) ) 

966 D F 

wheree utubc is the mean linear velocity in the tube, dtubc and Ltube are the tube internal 

diameterr and length, respectively, and ttuhe is the mean residence time in the tube. Eq. 21 

suggestss that the dispersion due to connection tubing is increasing linearly with the tube 
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lengthh and dramatically with the tube diameter. Although this conclusion may be 

qualitativelyy correct, the quantitative application of eq. 21 is highly questionable, especially 

forr (slowly diffusing) polymers. Several equations have been suggested in the literature, 

whichh predict o"2tubc to be much lower than predicted by eq. 21 [25,26]. Recent 

experimentall  results obtained with dextrans yield dispersion values that are up to a 

thousandd times lower than predicted by the Taylor equation [27]. 

Nevertheless,, large diameters of the connecting tubing will lead to increased dispersion, 

becausee the distance across which the analyte molecules need to diffuse in order to sample 

alll  the different regimes in the parabolic flow profile increases. Longer tubing also results 

inn an increased variance of the chromatographic peak. Other factors, such as non-ideal flow 

profiless in connections, cannot easily be estimated. The many influencing factors and 

uncertaintiess make extra-column band-broadening a very complex phenomenon. In this 

paperr we will evaluate how much of the total variance of the peak is due to the extra-

columnn band broadening, and we will try to minimize these effects. We compare the 

experimentall  results obtained on a conventional SEC system with runs of the same samples 

withh the SEC column being replaced by tubing, directly connecting the injector to the 

detector. . 

2.2.4.. Band broadening due to poly dis persity 

Inn SEC of synthetic polymers band broadening results in distortion of the calculated MMD, 

ass well as in errors in the average molar-mass values obtained [28,29]. To achieve ideal-

SECC conditions (eq. 10) and high SEC integrity (eq. 15) we need the band dispersion due to 

extra-- and intra-column effects to be minimized, while the band dispersion due to the 

samplee PD1 (viz. the selectivity of the separation) should be maximized. To obtain good 

estimatess of the MMD of polymers, they should be measured under conditions at which 
expexpIIsEcIIsEc approaches unity, viz. the chromatographic peak width is completely determined by 

thee polydispersity contribution and other band-broadening effects can be considered 

negligible. . 

Knoxx et al. [16] proposed an equation to estimate the contribution of the polydispersity to 

thee observed variance 

a;a;DlDl = S2(PD l - l ) ( a + l) (22) 

orr to the total (apparent) plate height 
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^ P D II ~~ 

ff L' 

v ^ y y 
^^ I (PDI - l ) (a + l) (22a) 

where,, S is the negative inverse slope of the SEC calibration curve (- dVR /d(lnAf)) and a is 

aa correction factor that depends on the polydispersity of the polymer 

aa = — (PDI-l)+ — ( P D I - l ) 2 (23) 
44 12 v ' 

Inn order to compute the PD1 contribution to the (reduced) plate height, accurate knowledge 

off  the polydispersity of the narrow standards used is essential. The widths of molar-mass 

distributionss (which are directly related to the PDI, eq. 2) have been estimated from size-

exclusionn chromatography with concentration and light-scattering detection [24]. Also, the 

PDII  can be obtained from mass-spectrometric measurements using soft ionization 

techniquess [30,31]. 

Inn case of commercial standards, the manufacturer specifies a value. Usually, an upper limit 

iss specified {e.g. PDI < 1.05). Some researchers have suggested that the real PDI values are 

muchh smaller than those specified by the suppliers [28,29,32]. Stegeman et al. [28] claimed 

thatt hpoi is overestimated, probably due to an overestimation of the PDI reported by the 

manufacturerr of the standards. Also other authors [29,32] claim that the real PDI is 

considerablyy smaller than the nominal values reported, because SEC, which is used for 

theirr estimation, is significantly affected by band-broadening effects. 

Temperature-gradientt interaction chromatography (TGIC) has been found to give much 

narrowerr peaks than SEC and thus leads to much lower PDI estimates [20,21]. For 

polymerss (e.g. polystyrenes) made by anionic polymerization the TGIC peaks observed 

approachedd a Poisson distribution and the estimated PDI values were close to those derived 

fromfrom the Poisson distribution. Interactive liquid chromatography offers another possible 

wayy to study the MMD of very narrowly distributed polymer samples [33]. 

Knoxx et al. [16] demonstrated the implications of eq. 8 using simulations. In this study we 

wantt to evaluate the contribution of polydispersity to the total peak width in practical 

situations,, on different SEC columns and applying different flow rates. 
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2.3.. Experimental 

Inn this chapter are reported a number of interesting observations in relation to band 

broadeningg in size-exclusion chromatography. 

2.3.1.. Instrumentation and chemicals 

Estimatess of the extra-column band broadening were obtained by connecting the injector to 

thee detector using a 50-cm long connecting tube, with an internal diameter of 0.0254 cm, 

manufacturedd by UPCHURCH Scientific, INC (Oak Harbour, WA, USA). The solvent 

deliveryy module used was a LC-10ADF/> pump, from Shimadzu (Kyoto, Japan). The 

Rheodynee (Bensheim, Germany) injection valve had a fixed loop of 40 ul. Detection was 

performedd with an Applied Biosystems (Ramsey, NJ, USA) UV detector at a wavelength of 

2544 nm and with a detector cell of 8 ul The peaks were recorded and examined using a 

routinee written in our department in Matlab 5.2 (MathWorks, Natick, MA, USA). 

Inn order to get an indication of the percentage of extra-column band broadening in a 

conventionall  system, we used the same system as earlier, but we included a separation 

column.. We used three different PL-Gel individual-pore-size GPC/SEC columns from 

Polymerr Laboratories (Church Stretton, Shropshire, UK.), with dimensions 300x6.8 mm i.d. 

andd packed with 5-um particles. The columns had different pore sizes, (/) 10 A (effective 

MMM range: 500-60,000 Da), (//) 104A (effective MM range: 10,000-600,000 Da), and (Hi) 

105AA (effective MM range: 60,000-2,000,000 Da). For the Fast-SEC experiments we used a 

50x7.55 mm i.d column packed with PL-Gel 5um MIXED-C stationary phase (effective 

MMM range: 200-2,000,000 Da). The system temperature was maintained at 30°C. 

Dataa were recorded using the Waters (Milford, MA, USA) Millennium32 software. 

Calculationss and data treatment on the chromatographic peaks were performed using 

softwaree written in-house on a Matlab-5.2 platform. The eluent was non-stabilized 

tetrahydrofurann (THF) from Biosolve (Valkenswaard, The Netherlands). The standards 

usedd were polystyrenes (PS) from Polymer Laboratories or Pressure Chemical (Pittsburgh, 

PA).. Their properties are shown in Table 3. The concentration of all standard solutions was 

11 mg/ml in non-stabilized THF. The marker, toluene, was obtained from Merck (Darmstadt, 

Germany),, It was used in a concentration of 0.1 mg/ml. The experiments shown in this 

chapterr were performed at a flow rate of 0.7 ml/min 
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Forr the validation of the Knox equation (eq. 22, [16]), we used measurements performed on 

aa Waters Alliance SEC system, equipped with a Waters 410 refractive-index (RI) detector. 

Thee system temperature was maintained at 30°C. Data were recorded using the Waters 

Millennium322 software. Calculations and data treatment on the chromatographic peaks 

weree performed using in-house Matlab-5.2 software. 

Tablee 3: Peak molar mass (Mp), manufacturer and specified polydispersity 
off  the polystyrene standards used in this study. 

MMpp (Da) 

1,700 0 

2,450 0 

3,250 0 

5,050 0 

7,000 0 

11,600 0 

22,000 0 

76,600 0 

200,000 0 

475,000 0 

675,000 0 

900,000 0 

2.000.000 0 

2,200,000 0 

Manufacturer r 

Polymerr Laboratories 

Polymerr Laboratories 

Polymerr Laboratories 

Polymerr Laboratories 

Polymerr Laboratories 

Polymerr Laboratories 

Polymerr Laboratories 

Polymerr Laboratories 

Pressuree Chemical 

Polymerr Laboratories 

Polymerr Laboratories 

Pressuree Chemical 

Pressuree Chemical 

Polymerr Laboratories 

PDI I 

1.06 6 

1.05 5 

1.04 4 

1.05 5 

1.03 3 

1.03 3 

1.03 3 

1.03 3 

1.03 3 

1.03 3 

1.07 7 

1.07 7 

1.03 3 

1.04 4 

2.3.2.. Procedures 

Thee polystyrene standards and the toluene (Table 4) were injected on the various SEC 

columns.. For the determination of extra-column band broadening we compared the peak 

widthh of the conventional SEC system with the peak width observed in the experiments 

withh a connector tube installed between the pump and the detector. Because the peaks were 

typicallyy not Gaussian in shape, we used statistical moments to determine the retention 

volumess and the peak standard deviations [34]. 
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Tablee 4: Elution times and peak standard deviations (in time and volume units) 
obtainedd for standards of different molar weights in experiments on the extra-column 
bandd broadening using a 500x0.25 mm piece of connection tubing instead of the 
separationn column; eluent THF at 1 ml/min, UV detector at 254 nm. 

MMpp tR a, av 

(Da)) <s) (s) (nL) 

2 9 5Q Q 

35.50 0 

33.83 3 

36.50 0 

36.83 3 

35.33 3 

32.33 3 

41.33 3 

47.33 3 

45.67 7 

33.67 7 

48.33 3 

47.33 3 

47.33 3 

2.4.. Results and discussion 

2.4.1.. Extra-column band broadening vs. observed dispersion 

Wee injected the toluene and the PS standards individually. We used the first normalized 

centrall  moment to determine the retention time and the second normalized central moment 

too measure the peak variance (Table 4). Some of the observed profiles are shown in 

Figuree 1. The asymmetry (tailing) of the peaks seems to increase with increasing molar 

mass.. This can be explained by the facts that higher molar-mass polymer sample solutions 

havee a higher viscosity and that the diffusion coefficients strongly decrease with increasing 

molecularr weight (eq. 19). However, the increase in the variance is not dramatic and much 

smallerr than would be expected from eq. 21. A faster injection may help to reduce the tail 

off  the high molar-mass peaks, by introducing a narrow injection profile, which wil l 

implicitlyy result in a narrower analyte peak. We have performed experiments with a fast-

Toluen e e 

1,70 0 0 

2,45 0 0 

3,25 0 0 

5,05 0 0 

7.00 0 0 

11,60 0 0 

76,60 0 0 

200,00 0 0 

271,00 0 0 

675,00 0 0 

900,00 0 0 

,000,00 0 0 

,200,00 0 0 

1.1 1 

1.3 3 

1.9 9 

2. 0 0 

2. 0 0 

1.8 8 

1.5 5 

1.3 3 

1.9 9 

1.2 2 

1.5 5 

1.5 5 

1.5 5 

1.9 9 

1.7 7 7 

2.1 3 3 

2.0 3 3 

2.1 9 9 

2.2 1 1 

2.1 2 2 

1.9 4 4 

2.4 8 8 

2.8 4 4 

2.7 4 4 

2.0 2 2 

2.9 0 0 

2.8 4 4 

2.8 4 4 
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switchingg valve and time-split injections. Indeed, some improvements can be obtained and 

thee tailing of the profiles can be reduced. 

00 5 10 15 20 
retentionretention time (seconds) 

Figuree 1: Indication of the contribution to the variances of the peaks due to 
extra-columnn band broadening (solutes, toluene; polystyrene standards of 7,000, 
76,600,, and 675,000 Da) at 0.7 ml/min flow rate. 

Withh the current set-up, the extra-column band broadening (o-extra_coiumn) is in the range of 30 

too 50 (al and the variance (cr2Cxtra-coiumn) is approximately in the range of 1000 to 2000 ul 

(0.0011 to 0.002 ml2). To discuss the integrity of the size-exclusion-chromatographic 

system,, we must compare this value with the column variance (a column) and the variance 

duee to the sample polydispersity (cr2PDi). For these experiments we installed three different 

individual-pore-sizee separation columns (PL-Gel 103A, PL-Gel 104A or PL-Gel 105A; one 

columnn at a time) of conventional SEC size (300x6.8 mm Id.) in the system. From each 

experimentt with a column installed we obtained the observed variance of the peak 

(obbserved)-- To obtain the relative (percentage) contribution (rcextra-coiumn) of extra-column 

bandd broadening we divided the variance of the peak obtained in the experiment without 

thee column installed by the variance of the same molar-mass standard analyzed in the 

conventionall  SEC system, as follows 

'a'a1 1 

o~ o~ 
xlOO O (24) ) 

Inn Table 5 we present an example of peak variances obtained using the PL-Gel 10 A 

column,, from which the relative contributions of extra-column band broadening 
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(/Ccxtra-coiumn)) were calculated. From Table 5 it appears that only a few percent of the total 

bandd broadening originated from the extra-column dispersion in the case of low MM 

standards.. Here the extra-column dispersion was relatively small and the observed 

dispersionn relatively large. For the highest MM standards, which were totally excluded, the 

observedd dispersion decreased, while the extra-column dispersion increased. As a result, the 

averagee relative contribution of the extra-column dispersion typically exceeded 10% for the 

totallyy excluded standards. 

Tablee 5: Peak standard deviations obtained on a conventional system 
(̂ observed)) using a PL-Gel 103A separation column (300 x 6.8 mm), and 
withoutt a column installed (acxtra<0iumn) for the study of extra-column 
band-broadeningg contribution to the total band-broadening at 
1.00 ml/min flow rate. 

MM M 

(Da) ) 

Toluene e 

1,700 0 

2,450 0 

3,250 0 

5,050 0 

7,000 0 

11,600 0 

76,600 0 

200,000 0 

675,000 0 

2,000,000 0 

2,200,000 0 

"observed d 

(Hi) ) 

216.67 7 

225.00 0 

213.33 3 

193.33 3 

200.00 0 

180.00 0 

143.33 3 

136.67 7 

131.67 7 

125.00 0 

133.33 3 

133.33 3 

"extra-column n 

(ul) ) 

29.50 0 

35.50 0 

33.83 3 

36.50 0 

36.83 3 

35.33 3 

32.33 3 

41.33 3 

47.33 3 

33.67 7 

47.33 3 

47.33 3 

'"'extra-colu m m 

(%) ) 

1.85 5 

2.49 9 

2.52 2 

3.56 6 

3.39 9 

3.85 5 

5.09 9 

9.15 5 

12.92 2 

7.25 5 

12.60 0 

12.60 0 

Inn Table 6 we list some rccxtra-coiumn values obtained with three different columns for 

relativelyy small standards. It appears that also in case of total permeation the relative 

contributionn of the extra-column dispersion increases. The low-MM standards are totally 

permeatingg on the 105A column. 
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Tablee 6: Percentages of extra-column band broadening (/rcxtra-coiumn) 
ass contribution to the total band dispersion, obtained with three 
differentt separation columns, PL-Gel 103A, PL-Gel 104 A and 
PL-Gell  105A. 

Column n 

io3A A 

io4A A 

io5A A 

Standardd Mp (Da) 

toluene e 

1.85 5 

1.50 0 

4.81 1 

1,700 0 

2.49 9 

2.99 9 

6.89 9 

7,000 0 

3.85 5 

2.95 5 

12.00 0 

11,600 0 

5.09 9 

2.61 1 

8.43 3 

22,000 0 

6.14 4 

2.96 6 

5.61 1 

76,600 0 

9.15 5 

5.51 1 

11.31 1 

Inn chromatography 20% extra-column dispersion can be allowed without influencing the 

finall  peak width significantly [35] (see the discussion in section 2.1). However, the PDI 

obtainedd from SEC experiments is related to the variance rather then to the peak width 

(eq.. 2) and an extra-column contribution of 10% to the dispersion seems only marginally 

acceptable.. Thus, the band broadening arising from tubing, connectors, injector and 

detectorr is acceptably low in this experiment only within the effective working range of the 

column.. For totally excluded compounds the extra-column dispersion may be quite 

significant.. However, in this case SEC cannot be used to obtain PDI values in any case. In 

somee commercial SEC systems we found considerably higher dispersion values, probably 

duee to long pieces of connection tubing. These systems are typically used with several 

columnss connected in series. To make them suitable for single-column SEC experiments, 

thee extra-column dispersion must be reduced. These systems and the system used for the 

presentt experiments - are not suitable for micro-SEC experiments involving columns with 

diameterss (much) smaller than the 6.8 mm used in the present case. 

Thee effect of the polymer concentration on the extra-column band broadening was found to 

bee very small. Some examples are given in Table 7. For the PS 7,000 and PS 76,600 

standardss doubling the concentration changed the observed standard deviation only by a 

feww percent. For very large polymers such as the PS 900,000 standard, the effect was 

greater,, but certainly not dramatic. 
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Tablee 7: Effect of the concentration on the extra-column band-
broadeningg contribution, RI detector, tubing (1500x0.25 mm), at 
11 ml/min flow rate 

MP P 

(Da) ) 

7,000 0 

76,000 0 

900,000 0 

concentration n 

(mg/ml) ) 

0.70 0 

0.50 0 

0.35 5 

0.70 0 

0.50 0 

0.35 5 

0.70 0 

0.50 0 

0.35 5 

<Ji <Ji 

(s) ) 

2.02 2 

2.00 0 

2.11 1 

2.25 5 

2.14 4 

2.08 8 

2.76 6 

2.52 2 

2.23 3 

CTy CTy 

(uL) ) 

35.17 7 

33.27 7 

33.62 2 

37.55 5 

35.59 9 

34.59 9 

45.97 7 

41.99 9 

37.24 4 

2.4.2.. Sample polydispersity vs. observed dispersion 

2.4.2.1.. Estimating hPm 

Thee variance due to the sample polydispersity can be estimated from eq. 22, while the 

contributionn of the sample polydispersity to the observed plate height can be calculated 

fromm eq. 22a. The Knox equations can be theoretically derived [ 16] and we have previously 

verifiedd them by numerical calculations of/?PDI [17]. The negative, inverse slope of the 

calibrationn curve (S = - &VR /d(lnA/)) in eq. 22, was estimated in two different ways [11]. 

Onee value was derived from the calibration models best describing the entire range and 

encompassingg all standards; the second method employed the slope of local straight parts of 

thee calibration curve. Based on all these efforts, we are confident that the Knox equations 

doo provide a good estimate of/?PD|. 

Inn Figure 2 we show the estimated values of h?v\ as a function of the elution volume for a 

300x6.88 mm PL 10 A column at 0.7 ml/min. The shape of the calibration curve is indicated 

inn the Figure (thin line; not scaled). The bell-shaped curves are calculated for PDI  values of 

1.05,, 1.03, 1.02, and 1.01 (from top to bottom). The curves demonstrate that by far the 

greatestt contribution from the sample polydispersity to the predicted peak width is observed 

inn the region where the calibration curve is nearly horizontal. The inverse slope of the 

calibrationn curve is very much higher in this region (more than 10 times higher than on the 
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left-hand-sidee of the figure, so that h?t>i is more than 100 times higher). This once again 

layss emphasis on the need to work well within the effective range of SEC columns if at all 

possible. . 
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8.5 5 

Figuree 2: Calculated contributions of the sample polydispersity to the observed 
platee height using the Knox equation. Column, PL-Gel 10 A; Flow rate, 
0.77 ml/min; Calibration curve In MM = -0.4673 VR + 9.5946 V,{ - 66.368 VR + 
163.52.. Drawn lines (top to bottom) PDI = 1.05, 1.03, 1.02, 1.01. Dots represent 
experimentall  data for the total (observed) reduced plate height. The thin line 
illustratess the shape of the calibration curve (not matching the vertical axis). 

Alsoo included in Figure 2 are the experimentally observed plate heights for a number of 

standardss run under the specified conditions. This leads to several striking observations. 

(1)) The observed dispersion (in terms of hpoi) depends only slightly on the molecular 

weightt and thus on the elution volume, except for the largest standards (675,000 to 

2,200,0000 Da), which elute near the exclusion limit of the column. For these latter 

standardss the band broadening is much greater than for the other standards. This has 

beenn observed before and the phenomenon is not completely understood. Pasti et al. 

[36]]  have connected it to the small number of times that the largest molecules enter a 

poree during their passage through the column. 

(2)) The observed peak width is not much greater in the middle of the calibration curve. 

Thiss seems to indicate that high-integrity SEC (where hfo\ dominates hco\arrm and 
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êxtra-coiumn,, so that expIIsEC « 1) is not possible for narrow standards, at least not on a 

singlee (300-mm long) SEC column. 

(3)) Around the center of the curves, the observed plate height is much smaller than could 

bee expected based on the specified PDI values. 

Forr reasons specified above, we believe that the Knox equation is essentially correct. 

Therefore,, the PS 7,000 standard {VR = 6.93 ml) and the PS 11,600 standard (VR = 6.54 ml) 

cannott have polydispersities much greater than 1.01, because they fall just above this line in 

Figuree 2. This is an upper limit (PDImax), because the observed band width is likely to 

includee a significant contribution from chromatographic band broadening. The PS 7,000 

standardd has a specified polydispersity of 1.01 or less (see Table 3), which is justified based 

onn Figure 2. However, the PS 11,600 standard has a specified polydispersity of 1.03 or less. 

Thiss is a technically correct, but rather conservative specification. Likewise, the PS 5,050 

standardd (VR = 12\ ml), with a specified polydispersity of 1.05 can be assigned a PDImax 

valuee of about 1.02 based on Figure 2. The points towards the edges of Figure 2 show an 

observedd band broadening that is much higher than the predicted contribution from 

polydispersityy (/ÏPDI). However, this is not because these standards have a greater 

polydispersity,, but because the present SEC column shows a limited selectivity in their 

molecular-weightt range. A greater range can be studied by using coupled columns or 

mixed-bedd ("linear") columns, but narrow standards can best be studied on columns with a 

narroww pore-size distribution in the appropriate range [1]. In other words, the SEC-integrity 

indexx wil l not be improved by using mixed-bed columns or a number of different columns 

inn series. By studying many different standards on many different columns, we have shown 

thatt the PDI values of PS standards specified by the manufacturer are usually rather 

conservativee upper limits [17]. 

2.4.2.2.. Sample polydispersity 

2.4.2.2.1.2.4.2.2.1. Poisson distributions 

Narroww polystyrene standards can be prepared by ("living" ) anionic polymerization 

typicallyy using butyl lithium as the initiator. Under ideal conditions (perfect mixing, 

absencee of scavengers such as oxygen, absence of branching reactions, etc) such reactions 

aree expected to result in Poisson distributions for the degree of polymerization. In Table 8 

thee theoretical polydispersities (PDIth) are given for polystyrene standards prepared under 
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ideall  conditions. It is seen that the theoretical values are much lower than the specified 

values,, especially for high molecular weights. However, in the latter case ideal conditions 

aree hard to maintain {mixing problems, long reaction times, etc.). Nevertheless, this 

calculationn demonstrates that lower PDI values than those specified by the manufacturer are 

nott unrealistic. 

Changg et al. [20,21] used temperature-gradient interaction chromatography (TGIC) to 

achievee a greater selectivity for polystyrene standards than commonly achieved with SEC. 

Theyy found PDI values that approached the theoretical (Poisson) values listed in Table 8. 

Thee PDI values obtained from SEC were reported to be considerably higher. Fitzpatrick 

etet al. [33] reached similar conclusions using gradient-elution liquid chromatography instead 

ofTGIC. . 

Tablee 8: Theoretical PDI values obtained for the different polystyrene standards by 
assumingg a Poisson distribution. 

MMpp n PDIth PDI-1 Manufacturer-specified 

1,700 0 

2,450 0 

3,250 0 

5,050 0 

7,000 0 

11,600 0 

22,000 0 

76,600 0 

200,000 0 

475,000 0 

675,000 0 

900,000 0 

2,000,000 0 

2,200,000 0 

16 6 

23 3 

31 1 

48 8 

67 7 

111 1 

211 1 

735 5 

1920 0 

4561 1 

6481 1 

8641 1 

19202 2 

21123 3 

1.0625 5 

1.0435 5 

1.0323 3 

1.0208 8 

1.0149 9 

1.00901 1 

1.00474 4 

1.00136 6 

1.000520 0 

1.000219 9 

1.000154 4 

1.000116 6 

1.0000520 0 

1.0000473 3 

6.25E-02 2 

4.35E-02 2 

3.23E-02 2 

2.08E-02 2 

I.49E-02 2 

9.01E-03 3 

4.74E-03 3 

1.36E-03 3 

5.20E-04 4 

2.19E-04 4 

1.54E-04 4 

1.16E-04 4 

5.20E-05 5 

4.73E-05 5 

PDI I 

1.06 6 

1.05 5 

1.04 4 

1.05 5 

1.03 3 

1.03 3 

1.03 3 

1.03 3 

1.03 3 

1.03 3 

1.07 7 

1.07 7 

1.03 3 

1.04 4 

2.4.2.2.2.2.4.2.2.2. Matrix-assisted laser desorption ionization (MALDI) mass spectrometry 

Inn principle, mass spectrometry offers a direct way to measure the polydispersity of 

narrowlyy distributed polymers (standards). In practice, however, a number of stringent 
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requirementss must be met. The sample must be representatively ionized, i.e. the ionization 

efficiencyy should be the same for all molecules (big and small, functionalized or non-

functionalized,, etc.); All ions must be analyzed and detected with the same sensitivity; All 

ionss must be singly charged (or it must be possible to correct for multiple ionization 

throughh software, which is difficult for complex samples of large molecules); The entire 

distributionn must be clearly discernable from the noise and from the baseline. In practice, 

(MALDI-ToF-MS)) comes closest to meeting these requirements. MALD I is a very soft 

ionizationn technique, which yields large, non-fragmented ions. However, the technique 

shouldd preferably only be applied to samples that are quite homogeneous in terms of size 

{i.e.{i.e. a narrow MMD or low PD1) and very homogeneous in terms of chemical composition 

andd functionality. Thus, MALD I should only be applied to study distributions in 

combinationn with a liquid-phase separation method [8]. If all the above conditions are met, 

thee MALDI-M S spectrum is directly indicative of the molecular-weight distribution of a 

polymer.. Because the signal is proportional to the number of ions of a certain mass, the 

centerr of gravity of the MS signal is the number average molecular weight (M„).  This 

parameterr can be determined most accurately using MS. Calculations also allow A/M. and the 

PDII  to be derived from the spectrum. The latter two parameters tend to be less accurate 

[37],, Large ions are more likely to be obscured by noise and baseline problems are 

aggravated.. As a result, MALD I has become a pretty reliable technique for measuring M„, 

butt its merits as a tool for accurately determining Mw and PDI values are still the subject of 

debate. . 

Wee applied MALD I to three polystyrene standards with specified molecular weights of 

4,700,, 6,770, and 76,600, and with polydispersities of 1.05, 1.03, and 1.03, respectively 

(valuess specified by the manufacturers). An example of a MALDI-ToF-M S spectrum is 

shownn as Figure 3. Two corrections were performed on the raw MS data. Firstly, the signal 

intensityy was changed from number fractions to weight fractions by multiplying the 

intensityy with the relevant molecular weight. Secondly, a correction was introduced to 

accountt for the isotope pattern, based on the natural abundance of the i :C and l3C isotopes. 

Thee measured intensity (signal height) around a given m/z value arises from the molecules 

withh the most frequently occurring 12C-13C isotope composition. If the number of carbon 

atomss is known, then a correction can be made to obtain the total signal intensity. For 

instance,, it can be calculated from a binomial distribution that for a peak with 272 carbon 

atomss (peak around m/z of 3,500 in Figure 3) the most probably combination is three l3C 
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andd 269 l2C atoms. It can also be calculated that this peak represents 22.5% of the polymer 

moleculess with 272 carbons, so that the height of this peak wil l be multiplied with a factor 

off  100/22.5=4.4. The highest signal around m/z 6,000 is due to the polymer with 464 C 

atoms,, five of which are l3C atoms. The highest signal represents 17.6% of this polymer 

andd the correction factor becomes 5.7. 

600 0 

500 0 

400 0 

300 0 

200 0 

100 0 

3 0 0 0 0 4000 0 5000 0 6000 0 m/z z 

Figuree 3: MALDI-ToF-M S spectrum for the 4,700 Mp polystyrene standard with 
aa manufacturer-specified value of 1.05 for the PDI. 
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Applyingg the correction factor to the highest peak is advantageous, because it will be more 

easilyy discernable trom the noise than the entire isotope pattern. However, because the 

magnitudee of the correction factor increases with increasing molecular weight, this is yet 

anotherr reason why the high molecular-weight end of the mass spectrum is susceptible to 

noise. . 

Forr both corrections the change is larger for higher molar masses, which suggests that the 

calculatedd M, and PDI values will increase. However, for low-molecular-weight standards 

almostt equal values are obtained with and without the corrections. For example, for the 

standardd with Mp = 6,770, PDI values of 1.020, 1.018 and 1.018 were found for the 

measured,, the molecular-weight corrected and the isotope-pattern corrected spectrum, 

respectively.. MALDI is still a much-more-limited technique for characterizing high-

molecular-weightt polymers. PDI  values of 1.021, 1.020, and 1.003 were estimated for the 

respectivee standards. The resulting values for the PDI indicate that for the first two samples 

estimatess were found comparable with those found with SEC and TGIC for similar 

polymers.. The accuracy of the PDI values obtained with MALDI will be extensively 

discussedd elsewhere [38], 

2.4.3.. Total observed band dispersion 

2.4.3.1.. Relative contributions to band broadening and integrity indices 

Inn previous sections we have discussed extra-column band broadening and sample 

dispersionn in relation to the total observed band broadening. We have concluded that 

neitherr contribution is dominant. Extra-column band broadening can be estimated 

independentlyy and it can be kept sufficiently small in most practical situations. The effect of 

thee sample dispersion on the observed bandwidth can be predicted with good accuracy, but 

thee total bandwidth does not follow the predicted pattern. Thus, column band broadening is 

aa significant contribution in SEC of narrow standards. However, we cannot measure the 

columnn band broadening independently. Eq. 3 can be used to obtain estimated values, but 

thee accuracy of such estimates is low, unless accurate values of the sample polydispersity 

aree available. As discussed above, there is ample evidence to conclude that the values 

specifiedd by the suppliers are conservative upper limits. For low-MM standards, we believe 

thatt MALDI provides the best estimates. However, at this point in time MALDI results may 

nott yet be rigorously correct. For very high-MM standards there is some evidence [20,21] 

thatt the Poisson limit may be approached. Thus, for the high-MM standards this may be our 
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bestt current estimate. Still, our best current estimates are not good enough to use eq. 3 with 

anyy kind of confidence. Therefore, we are taking a different approach in this study. 

Wee concluded from Figure 2 that the chromatographic band broadening forms a large, if 

nott dominant contribution to the observed band widths. In the worst case, all of the 

observedd band broadening can be ascribed to intra-column and extra-column dispersion and 

nonee of it is due to the sample polydispersity. Thus, the observed peak variance 

correspondss to the maximum possible contribution from chromatographic dispersion. If we 

thenn calculate the contributions from the sample polydispersity to the peak width, which 

cann be done with some confidence using the Knox equation (eq. 22), we can evaluate the 

relativee contributions and predict (minimum) values of the SEC integrity indices. This is 

donee in Figure 4 for three different SEC columns. 

Thee chromatographic variance (cr column + <? extra-column) is assumed to be equal to the 

variancee observed using narrow standards and it is assumed to be independent of the 

samplee polydispersity. The contribution from the latter is calculated using eq. 22. For 

sampless of different molecular weight and different polydispersity, the SEC integrity 

indicess (CXP//SF.C) can then be calculated using eq. 15. 

log(PDI-l) ) 

Figuree 4a: Contour plot in which the SEC integrity indices are plotted as a 
functionn of the sample PDI (horizontal axis; proportional to log(PDl-l)) and 
molecularr weight (vertical axis; log MM) for PL-Gel 103 A column. 
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Figuree 4b: Contour plot in which the SEC integrity indices are plotted as a 
functionn of the sample PDI (horizontal axis; proportional to log(PDI-l)) and 
molecularr weight (vertical axis; log MM) for PL-Gel 104 A column. 

Figuree 4c: Contour plot in which the SEC integrity indices are plotted as a 
functionn of the sample PDI (horizontal axis; proportional to log(PDI-l)) and 
molecularr weight (vertical axis; log MM) for PL-Gel 10 A column. 

Figuree 4 shows contour plots, in which the value of  CXP//SEC is plotted as a function of the 

samplee PDI (horizontal axis; proportional to log(PDI-l)) and molecular weight (vertical 

axis;; log MM) . Generally and according to expectation, the SEC integrity is low on the left-

handd side of the plots (narrow samples) and high on the right-hand side (broad samples). 

Thee rate of changes from low to high values depends on the sample MM in relation to the 

selectivityy (calibration curve) of the column. Thus, on the PL-Gel 103 A column (Figure 4a) 

sampless with a molecular weight of about 10,000 yield the highest values for exp//sEC-

Sampless with a PDI larger than about 1.02 wil l give rise to an CXP//SEC value in excess of 0.8 
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(thee right in the pictures). On this single column, samples with PDI=1.1 can be analyzed 

withh good integrity (exp//SEc >0.8) in the approximate range 2,500 < MM < 30,000. The 

correspondingg ranges for the 104 A (Figure 4 b) and 10 A (Figure 4 c) columns are 

15,0000 < MM < 300,000 and 20,000 < MM < 500,000, respectively. Based on observed 

peakk widths for a series of standards and the SEC calibration curves, SEC integrity plots as 

thee ones shown in Figure 4 can easily be calculated for any kind of column or column 

configuration.. This provides a clear and objective indication for the selection of 

suitablee SEC columns and it can provide guidelines in the study of various types of SEC 

columnss (e.g. miniaturized SEC, Fast SEC). 

2.4.3.2.. SEC at high flow rates 

Eq.. 20 describes the conventional relationship between chromatographic plate height and 

mobile-phasee velocity according to Giddings and Knox. The reduced velocity (v) in this 

equationn is inversely proportional to the molecular diffusion coefficient of the analyte in the 

mobilee phase (eq. 18). The very slow molecular diffusion of high-MM polymers (eq. 19) 

resultss in very large v values. If eq. 20 is valid and the coefficient C is constant (i.e. if 

Giddings'' principle of reduced plate heights applies), then we must anticipate very high 

valuess of h (very low plate numbers) for SEC at high flow rates. Indeed, SEC (of polymers) 

iss usually performed at considerably lower flow rates than is HPLC (of low-MM analytes). 

Too draw an h vs. v curve, some reasonable assumptions have to be made for the parameters 

A,A, B and C in eq. 20. In HPLC, typical values may be A = 2, B = 1 and C = 0.05 [42]. 

However,, the validity of such a general curve in SEC is questionable. The very high 

reducedd velocities encountered in SEC imply that the application of a reduced-plate-height 

plott obtained from HPLC requires massive extrapolation. 

Figuree 5a shows a plot for the reduced plate height observed in the SEC of narrow PS 

standards.. The (approximate) slopes of such plots (C-term in eq. 20) are often much lower 

thann expected and great deviations from linearity are encountered. Across the very large 

rangee of v values encountered in Figure 5a, it is more practical to refer to a logarithmic 

scale.. This was also done in the extensive SEC-band-broadening studies of Knox et al. 

[16,41,42,43]. . 
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40 0 

30 0 

CC 20 

10 0 

0 0 
00 2000 4000 6000 

V V 

Figuree 5a: Calculated dimensionless plate-height curve and observed total plate 
heightss for polystyrene standards on PL-Gel lO'A column (300x6.8 mm i.d); 
(effectivee MM range: 60,000-2,000,000 Da). 

Figuree 5b shows the same data as Figure 5a in a log-log format. The slopes of the lines in 

thiss Figure are much smaller than unity. Because of contributions from extra-column band 

broadeningg and sample polydispersity, the total observed plate height must exceed the 

chromatographicc band broadening. However, the experimentally observed (total) plate 

heightt is very much lower than one would expect based on eq. 20. In Fast SEC short 

columnss and high flow rates are typically used. Here even higher values of v are 

encountered. . 

22 MDa 

9000 kDa 

<< 200 kDa 
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100 0 

100 -

11 -

2MDa a 

900kDaa - - ' 

<< 200kDa 

10 0 "00 0 1000 0 10000 0 

Figuree 5b: As for 5a, but plotted on a logarithmic scale (both axes). 

Figuree 6 shows a log h vs. log v curve up to reduced velocities of about 50,000, very much 

higherr than those studied by Knox [42]. Especially for high-molecular-weight PS standards 

att (very) high flow rates, we observed much less dispersion than expected. Similar 

observationss have also been reported by others [11]. 

•CC 10 

Figuree 6: Calculated dimensionless plate-height curve plotted on a logarithmic 
scalee for polystyrene standards on a PL-Gel 50x7.5 mm i.d column. 

Onee possible reason for the observed deviations from eq. 20 has already been identified by 

Giddings,, who included a coupling term in his plate-height equation that accounted for 

Eddyy diffusion in the radial direction [39,40]. This results in flattening (and curvature) of 

thee C-term (high- v) branch of the plate-height curve (eq. 20). In case of high-molecular-
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weightt polymers, where the molecular diffusion coefficient is extremely low, it is easy to 

envisagee that the eddy-diffusion contribution to the (favorable) radial diffusion of polymers 

iss dominant. In any case, the effective diffusion of high-molecular-weight polymers seems 

too be more favorable (or less unfavorable) than predicted by eq. 19. The latter equation only 

accountss for the molecular diffusion (of polystyrene samples in THF). 

Knoxx and Parcher [41] studied the dispersion for unretained solutes at very high reduced-

velocities.. In a later account, Knox recalled that very high values of v required either 

workingg at very high pressures or with very large particles [42]. In the chromatography of 

high-molecular-weightt synthetic polymers we incidentally work at very high v values 

becausee of a third reason, namely extremely low values of Dm (see eq. 18). Knox and 

Parcherr found that, due to the coupling of the A term (eddy diffusion) and the mobile-phase 

contributionn to the C-term, the (reduced) plate height did not increase proportionally with v 

(ass suggested in eq. 20), but increased with K 0 3 3 [41]. For columns with relatively large 

diameterss even more favorable results were obtained with /?H-I^15. However, to profit from 

thiss "infinite-diameter" effect, samples must be introduced at the center of the column, 

usingg a "curtain-flow system". We observe the most favorable relationships between plate 

heightss (h) and reduced velocities (v) in Figure 5b for samples for which total exclusion 

occurs,, i.e. unretained solutes in the terminology of Knox and Parcher. For retained solutes 

Knoxx and Scott [43] found a combination of a (coupled) A '-term and a (stationary-phase) 

C'-term,, i.e. 

hh = A'v"-"+Cv (25) 

wheree the value of the coefficient C' was about 10 times lower than that of C in eq. 20. 

Onee obvious consequence of the results as shown in Figures 5 and 6 is the possibility to 

performm SEC at higher flow rates than previously thought desirable. Indeed, there is a 

strongg trend towards the use of so-called Fast-SEC techniques [10,11]. Because short and 

widee columns are typically used for Fast SEC, the "infinite-diameter" effect may be 

exploited,, but this requires suitable injection devices. Some of the columns advocated for 

usee in Fast SEC approach the infinite-diameter idea in a more literal sense [11]. 
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2.5.. Conclusions and outlook 

Inn this chapter a number of aspects of band broadening in size-exclusion chromatography 

havee been discussed. Integrity indices have been introduced for chromatography in general 

andd for SEC in particular and it has been demonstrated how these can be used to judge the 

suitabilityy of SEC systems in various situations. 

Extra-columnn band broadening has been investigated and it has been concluded that this 

contributionn can be kept sufficiently small in most practical situations. However, problems 

aree anticipated when SEC columns are miniaturized, without concomitant adaptation of the 

instrumentation.. Some miniaturization of SEC is reasonably straightforward, but the use of 

commerciall  viscometric and light-scattering detectors in combination with miniaturized 

SECC systems is not easily possible. 

Thee characterization of narrow polymer standards by SEC has been also considered with 

speciall  emphasis on the contribution of the sample polydispersity (PDI) to the observed 

peakk width. If the PDI and the SEC calibration curve are accurately known, than the PDI 

contributionn can be confidently predicted. However, accurate PDI values are not easily 

obtained.. Matrix-assisted laser-desorption/ionization (MALDI ) mass spectrometry is a 

promising,, but not yet fully matured technique, by which PDI values for narrowly 

distributedd polymers may be measured directly. It has been demonstrated that the PDI 

valuess specified by the suppliers of polymer standards are conservative upper limits. Also, 

itt was demonstrated that in SEC of narrow standards the contribution of sample 

polydispersityy is not dominant, not even under conditions where selectivity is highest (i.e. 

inn the shallowest part of the SEC calibration curve). 

Columnn band broadening is usually dominant in the SEC of narrow standards. Band 

broadeningg is demonstrated to be especially large around the total-exclusion limit of a SEC 

column.. In this case the total observed band broadening is much greater than expected. 

Alsoo unexpected, but much more welcome, is the relatively low band broadening observed 

forr high-molecular-weight polymeric standards at (very) high flow rates. This is especially 

favorablee for Fast SEC separations. 

Too some extent, SEC band broadening can be corrected for by mathematical deconvolution, 

iff  suitable standards are available [18,19]. The trend towards Fast (low-resolution) SEC 

separationss will increase the need for such algorithms. However, if no suitable standards are 

availablee (e.g. in case of copolymers) mathematical deconvolution is not possible. SEC-

MALL SS and SEC-viscosity do not alleviate the need for good SEC separations (high SEC 
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integrityy indices). In contrast, the interpretation of the data obtained with such techniques is 

greatlyy simplified if very narrow fractions are detected at any one time. For the (off-line) 

couplingg of SEC with matrix-assisted laser-desorption/ionization mass spectrometry or for 

thee (on-line) coupling of SEC with electrospray-ionization mass spectrometry narrow 

fractionss are also highly desirable. 

Onee prevailing conclusion of the present study is that it remains difficult to distinguish 

betweenn the various contributions to the total observed peak width {i.e. extra-column, intra-

column,, and sample dispersion). An elegant technique to help in this process may be 

comprehensivee two-dimensional liquid chromatography in a rather unconventional mode, 

usingg size-exclusion chromatography in both dimensions (SECxSEC). The fractions 

obtainedd from the first dimension will be more narrowly distributed than the initial sample. 

Inn the second dimension sample dispersion will thus play a much smaller role. If the extra-

columnn band broadening can be kept sufficiently low, the observed dispersion after the first 

dimensionn will be determined by the column band broadening and by the sample 

dispersion.. Ideally, the observed dispersion after the second dimension will be determined 

onlyy by the column band broadening. The use of SECxSEC for studying band broadening 

inn SEC is reported in chapter 6. 

Acknowledgements s 

Thee author would like to thank Polymer Laboratories for providing with separation 

columns,, Bastiaan Staal from the Technische Universiteit Eindhoven for performing the 

MALDI-ToF-M SS experiments, Paul le Comte and Aschwin van der Horst for technical 

supportt and Hans Boelens for extensive support with data analysis. Wim Decrop is 

acknowledgedd for his help in creatingg the integrity plots. 

Appendix::  PDI  for  a Poisson distributio n 

AA Poisson distribution depends on only one parameter, which is the mean of the 

distribution.. In our case this is the number of monomeric units (degree of polymerization, 

n).n). The standard deviation of the Poisson distribution is the square root of n 

<J„=Jn~<J„=Jn~  (A-l ) 
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Inn eq. 2 we considered the standard deviation (cr = o;, Mmon) of the distribution in molecular-

weightt units (Da) and the average molecular weight (Mn - n Mmon). By dividing both 

propertiess by the molecular weight of the monomeric unit (Mmon) we can rewrite eq. 2 to 

obtain n 

PDII  = 1 + V-L 11 + 1 = | + A ^ (A_2) 
nn M. 

Thee monomeric weight of the styrene unit (A/mon) is 104 g/mol, and therefore 

104 4 
PDII  = 1 + — (A-3) 

M M 
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