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Abstract

Understanding and controlling the band broadening is essential to obtain accurate molar-mass distributions by size-exclusion chromatog-
raphy (SEC). In this paper, band broadening in SEC is reviewed from a contemporary perspective. The observed band broadening is due to
dispersion inside and outside the chromatographic column (undesirable band broadening) and to the polydispersity of the sample (desirable
SEC selectivity). The various contributors to band broadening are discussed. Integrity plots are introduced as a tool to evaluate the performance
of specific SEC columns at given experimental conditions. For narrow polymer standards on single SEC columns the observed peak width is
dominated by the chromatographic dispersion. MALDI-ToF-MS is demonstrated as an alternative to determine the PDI of narrowly distributed
samples. The plate heights encountered at very high reduced velocities are found to be lower than expected. This is advantageous for fast
separations by SEC.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Band broadening is a very important topic within any
chromatographic technique. The provenance of the chro-

Size-exclusion chromatography (SEC) is a mature form matographic bandwidth and the peak shape in SEC are,
of liquid chromatography (LC). In 1979, the bodkod- however, different from those in other forms of chromatog-
ern SizeExclusion Liquid Chromatographyy Yau et al.  raphy. Although the application of SEC to monodisperse
[1] appeared. Twenty-five years later, this is still an emi- analytes, such as proteins, is certainly not unimportant,
nently useful and astonishingly up-to-date treatise of the the technique is most commonly applied to polydisperse
field. However, it is inevitable that size-exclusion chro- samples. The discussion in this paper will be limited to
matography has changed in a number of ways, viscometricthe |atter kind of samples. Literally, a polydisperse sample
[2] and light-scattering detectofS] have become much  contains many different kinds of molecules. The individ-
more prominen{4]. Lately SEC has been coupled on-line yal molecules in a sample of a synthetic polymer can vary
and off-line with contemporary mass-spectrometric tech- in many ways: molecular weight, branching, end groups
niques, such as electrospray (E$8) and matrix-assisted  and functional groups, chemical composition, block length,
laser-desorption ionization (MALDI)6,7]. Especially the  stereo-regularity (tacticity), etc. Any of these properties can
(off-line) coupling with MALDI is expected to have a great  be characterized by a distribution. Although not all distri-
impact on the practice of SE8]. Unlike other forms of  putions are relevant for all polymers (e.g. chemical com-
LC, miniaturization has attracted only marginal inter@$t position and block length are relevant for copolymers, but
In contrast, fast separations by SEC have drawn a greatnot for homopolymers), it is clear that synthetic polymers
deal of interest in the last few yea0-12] A number of  consist of very complex mixtures of molecules.
important aspects associated with the trends towards small SEC is mainly concerned with the determination of
(miniaturized) and Fast SEC are summarizedable 1 molecular-weight distributions (MWD) or, equivalently,

molar-mass distributions (MMD). In combination with vis-
* Corresponding author. Tek:31 2052 566 42; fax:-31 2052 556 04.  cometric or light-scattering detection SEC can also be used
E-mail addresspjschoen@science.uva.nl (P.J. Schoenmakers). for characterizing degree-of-branching distributions (DBD).
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Table 1

Effect of a decrease in the column length or the column diameter on various parameters in SEC

(a) Effect of decreasing> on |,

The column length (L) (Fast SEC)

The column diamefefd,) (micro-SEC)

The analysis time Decreasing- (L) Not affected@

The retention volume Decreasing (L) Decreasing € dg)

Elution window (time units) Decreasing-(L) Not affected

Elution window (volume units) Decreasing-(L) Decreasing £ dg)

Volume of eluent required Decreasing () Decreasing € d?)

Permissible extra-column volume Decreasing L) Decreasing £ dg)

Chromatographic resolution Decreasing () not affected

Sensitivity (peak height) Increasing-(/L) Increasing £ df) in case of constant injected amount

Not affected in case of constant column loading

Detector compatibility Not affectéd Better: MS
Worse: RI, viscometry, light scattering

(b) Effect of decreasing> on | The column lengthl() (Fast SEC) The column diameted:) (micro-SEC)

Decreases+ d?)
Decreases d?)

Not affected Not affected
02 umn O atrercolumn Decreases+ L) Decreases+ dg)
Chromatographic-integrity index @hrom), Eq. (13) Decreases Decreases (possibly strongly)

Ocolumn Decreases-{ /L)
OPDI Decreases- L)

2
Oextra-column

0Bo1/ ot Decreases L) Not affected
Theoretical SEC-integrity indeX'(I sec, Eq. (14) Decreases Not affected
Practical SEC-integrity index®{Pll sgc, Eq. (15) Decreases Decreases

@ The effect of increasing the flow rate is similar to that of decreasing the column length.
b The flow rate is supposed to decrease with decreasing column diarReterdf), so as to keep the linear velocity constant.
¢ If (very) high flow rates are used in Fast SEC, then this will complicate the use of various detectors (especially MS and viscometry).

In combination with other separation techniques SEC is of Itis relevant in the context of the present paper to indicate
increasing importance for determining other, more-complex the direct relation between the PDI value and the standard
distributions. An important example is the combination of deviation of a distributiorj14], i.e.
(“interactive”) liquid chromatography and SEC in com- o = M,/PDI—1 Q)
prehensive two-dimensional liquid chromatography (kC
SEC)[13]. This allows the characterization of two mutu- This equation implies that a polydispersity of 1.05 corre-
ally dependent distributions simultaneously. One way to sponds to a relative standard deviation (i.e. relativiét)
describe these is as comprehensive two-dimensional distri-of more than 20%. If this were a peak in a chromatogram,
butions, representing, for example, functionality type and then the equivalent number of plates would be
molecular weight (FTDx MMD) or chemical composition Mo\ 2 1
and molecular weight (CCBx MMD). Npol = < ") = 5511 (2)

A distribution of a property of the molecules of a syn- h
thetic polymer can be described as a plot of the number For a narrow polymer standard with PB4 1.05, we find
of molecules or the weight fraction of the sample versus Nyo = 20. Thus, what is perceived as “narrow” by polymer
the value of the property. Although the complete picture chemists is awfully broad from the perspective of a chro-
is needed to fully characterize the distribution, polymer matographer.
chemists usually work with characteristic averages. For In SEC of polydisperse samples band broadening is an
example, for the molecular-weight distribution these are ambivalentissue. In this paper different contributions to band
defined in reference 1. A key role is played by the poly- broadening are discussed, viz. chromatographic dispersion,
dispersity index (PDI oD), which is defined as the ratio extra-column dispersion, and chromatographic selectivity.
of the weight-average molecular weigh#,() and the A clear distinction must be made between them. The former
number-average molecular weightl,(): PDI = M,,/M,,. two contributions are undesirable, whereas the latter is a de-
This ratio, which is equal to 1 for monodisperse samples sirable effect. In this paper the three individual contributions
and always greater than unity for polydisperse samples, isare studied separately as much as possible. However, for
indicative for the width of the molecular-weight distribution  synthetic polymers they cannot be measured independently,
and, therefore, for the polydispersity of the sample. For a because monodisperse samples do not exist. Previously,
monodisperse sample PR¥ 1. For narrowly distributed  Dawkins and Yeadorjl5] have studied band broadening
polymers (standards) it is typically around 1.05 and for in SEC for monodisperse proteins, but they did not corre-
broadly distributed synthetic polymers the PDI can easily late the data obtained for monodisperse proteins with those
exceed a value of 2. obtained for polydisperse (but narrow) polystyrene samples.



S.-T. Popovici et al./J. Chromatogr. A 1060 (2004) 237-252 239

The theory of Knox et al[16] is applied to estimate the it is impossible to measure the chromatographic-dispersion
contribution of polydispersity (PDI) to the band broaden- contribution to the observed bandwidth independently. Con-
ing (chromatographic-selectivity contribution). The Knox sequently, the chromatographic contribution is estimated
theory relates the observed band width to the selectivity from
of the system (expressed in terms of the slope of the SEC , 2 2 2
calibration curve) and the homogeneity of the sample (ex- “column = Pobserved— ?PDI ~ Pextra-column (3)

Eress'etdh n tertmhs of |tst pollydlspfeiﬁlty). Iln dqrder tto appI)t/ Experimental results are compared with simulations based
nox: theory, the exact value of the polydiSpersity must -, o nyentional chromatographic theory. It is demonstrated

.b% knOV\(/jn. It-lowever, I tufrrtﬁ OFl)Jtho btﬁ d'f;'f(.:qlt tto obtain that band broadening in SEC deviates from theory in some
independent measures of the with sufficient accuracy cases, especially around the total-exclusion limit of the col-

and precision. It has been demonstrajed that the PDI umn, where bands are broader than expected, and at high

of a polymeric standard specified by the manufacturer is flow rates, where bands are narrower than expected.
an upper limit, while the Poisson theory (which is thought '

to describe the molecular-weight distribution of a polymer
synthesized by anionic polymerization) yields a lower limit.
In recent years matrix-assisted laser-desorption ionization
(MALDI) time-of-flight (ToF) mass spectrometry (MS, to-
gether MALDI-ToF-MS) has emerged as an independent
method for measuring the PDI. Such new possibilities pro-
vide new impetus for the study of band broadening in SEC.

Both chromatographic dispersion and extra-column dis-
persion are undesirable in SEC. The former can be mini-
mized by operating columns that are well packed with small
particles at a low flow rate. However, chromatographic dis-
persion is inevitable and it can never be reduced 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 connecting tubing, by optimiz-
ing connections, minimizing injection and detector volumes,
and by optimizing the flow geometries in all components of
the system.

SEC can be used successfully to characterize molecular-
weight distributions if the chromatographic dispersion and
the extra-column dispersion are negligible in comparison
with the chromatographic selectivity. If the dispersion con-
tributions are not negligible, then it is — in principle — possi-

2. Theory
2.1. Band broadening in size-exclusion chromatography

In chromatography band broadening is a collective term
used for all the unwanted dispersion phenomena that occur
during a separation. Due to dispersion and due to chromato-
graphic separation (selectivity) of polydisperse samples the
chromatographic peaks that are detected at the end of the
column are broader than the initial injection profiles. Disper-
sion phenomena can be due to fundamental effects, such as
molecular diffusion or different path lengths in a packed bed,
or to experimental irregularities, such as imperfectly packed
columns or poor connections. Band-broadening effects may
occur inside the chromatographic column or in the injector,
detector and tubing. Therefore, we distinguish between col-
umn band broadening and extra-column band broadening.

As in all forms of chromatography, band broadening in
SEC is one of the factors that determine the eventual resolu-
tion. However, in SEC of synthetic polymers the peaks of in-
dividual analytes within the distribution cannot be discerned,

. . . apart from the smallest oligomers (often referred to as fingers
ble to carry out a mathematical correctid8,19], provided or fingering in the SEC of low-MM standards). The peaks

that samples or standards of negligible or known dispersity . ) . i
are available. Such mathematical corrections are beyond theObtalned in SEC are envelopes representing (large) series of

scope of the present treatment. Under ideal conditions, SECC;J nvoluted _peaks. The apparlentlefflﬁlenfy oLp!a;eﬁ count of
provides a direct estimate of the MMD and of the character- the separatlori\{obs) or, equivalently, t ep ate heightgny

istic averages of the sample. However, in referef28<21] can be measured in the same way as in other forms of chro-
it was demonstrated that the PDI values obtained for nar- matography, viz.
rowly distributed samples using temperature-gradient inter- 2\ 2 Ve \2

action chromatography (TGIC) approached those estimatedNobs = <—> = 5.54 x (—) (4)
from the theoretical Poisson distribution, while the values

derived from SEC (using calibration relative to PS standards) ( L )

W2

were reported to be considerably higher. Thus, there is somefobs = (5)
doubt as to the applicability of SEC for correctly measuring
polydispersities. whereVr is the retention volumesy the standard deviation

In this paper, we will reconsider the various factors of the peak expressed in volume unl¥,, the peak width
that determine the bandwidth in SEC. Extra-column con- at half height in volume units aridthe column length. How-
tributions are measured and minimized. Various ways are ever, we should realize th&l,ps and Hops have a different
explored to characterize the polydispersity of polymer stan- meaning in the SEC of polydisperse samples.
dards and to establish the polydispersity contribution to chro-  If the eluted peak does not have a Gaussian profile, a
matographic band broadening. In case of synthetic polymersbetter way to express the plate number and the plate height

Nobs
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is by using the statistical moments. In that c&sgs. (1) and 7 or 8mm i.d.). For several reasons, it is difficult to mini-

ecome mize the extra-column band broadening in . Polymers
2)b th t I band broad g in SEC. Pol

5 are big and slow. Dispersion in open tubes (and in other

Nobs = H1 (6) parts of the instruments) is much greater if the molecular

M2 diffusion coefficients are smaller. Because diffusion co-

1o efficients decrease with increasing molecular weight, this

Hops= L <—2> (7 implies that the extra-column band broadening is greater on

751

the high-molecular-weight side of a SEC peak than on the

wherep; andu, are the first and second normalized central low-molecular-weight side. This implies that extra-column
moments, respectively. band broadening is not only difficult to suppress, but also

Band broadening can be discussed either in terms of pealdifficult to account for quantitatively. Therefore, the com-
moments or, equivalently, in terms of variances. The latter is Mon approach in SEC is to maintain a high valuedgy, .,
common in chromatography and in the following discussion thus reducing the necessity of paying serious attention to
we will therefore use this terminology. The total observed ngtra-column'

variance for a peak of a polydisperse analyte is Whether or nots2,,,, can be kept much smaller than
o3, depends to a large extent on the value of the latter.

o2 — 020 4 o2 12 ®) pp| UEPEr _ _ :
observed™ “PDI " Zcolumn T “extrarcolumn Clearly, it is much easier to approach “ideal-SEC” condi-

tions for broadly distributed polymers, than it is for narrowly

Note thatEq. (8)requires that all variances are expressed in " =
a. (8)req P distributed samples (“standards”).

the same units, e.qul?. Several different situations can be
distinguished. 2.1.3. Sample-challenged SEC

2.1.1. Ideal chromatography o2

2
column > Oextra-column

2 2
o5n =0
PDI o
) ) cozlumn -~ 01 (11)
Ocolumn - Oextra-column ) Opp
2 2 2 _ 2 2
Oobserved— Zcolumn Oobserved™ Pcolumn + OppJ

Ideally, in chromatography all individual sample compo- ! the PDI of the sample is low (e.g. £ PDI < 1.1) it is

nents are separated (so thag, = 0), and ideally ideal chro- ~ duite difficult to achieve “ideal-SEC” conditions. The chro-

matography is achieved by mimmizm?fxtrarcolumnv rather matographic digpersion is then of the same order as the sam-

than by maximizing2 | The latter seems rather obvious ple polydispersity. When such narrow samples or standards
column’ ’

i i . . are being analyzed by SEC, the observed chromatographic
but it is not in the context of size-exclusion chromatography. peak is not representative of the MMD. The conditions of
2.1.2. |deal-SEC Eqg. (11)are typically unacceptable for (polydisperse) sam-
2 2 ples, but acceptable for standards.

OppI > Ocolumn

(10) 2.1.4. Experimentally challenged SEC

2 2
Ocolumn > Oextra-column
2 ~ ~2 2 202 2
Oobserved™ 9PDI Textrarcolumn = B (Ooumn T opp1)

In the most typical application of SEC, the objective is t0  Tapserved= Taolumn T Taxtracolumn + OBDI (12)
determine the characteristics of the MMD (euw,, M,, and = 1+ (2 +02.)
PDI), which is equivalent to determining the peak position column * “PDI
(and converting this to a peak molecular weight by so-called In this case the extra-column band broadening plays a sig-
calibration) and the peak width&Dl). Ideally, to determine  nificant role. The factog in Eq. (12)can be used to illustrate
gng accurately by SEC, all other contributions to the ob- that there is a good deal of tolerance in chromatography. For
served band width should be negligible. example, if the extra-column standard deviation were half
As mentioned above, the usual chromatographic practiceas large as the combined standard deviation for column and
to minimize 62, . umn father than to maximize? ., sample effects (i.€62, . coumn = 0-5 = 0.5/(021umn +
does not apply as much in SEC as in other forms of LC. aE,Dl)), then the value op? would be 0.25. Relative to the
There has been a sustained and undeniable trend towardsituation in which no extra-column band broadening were
miniaturization in LC. Slowly, but definitely, columns of present, the observed dispersi@rgbgerveg would increase
conventional diameter (4.6 mm i.d.) are making way for by 25% and the observed plate couNtserved SEEE]. (4)
narrower columns (often 1 or 2mm i.d.). This is not true would decrease by 25%. However, the observed peak width
for SEC. In SEC 4.6 mm i.d. columns are being used, but (agbseweg would still only increase by a factay/(1 + $?),
more commonly column diameters are still larger (typically i.e. by about 12%. If the purpose of a SEC separation is
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to determine the sample MMD, then an increase in the ob- |jke ") gg¢, ©Pll ggc only takes on a perfect value of unity
served dispersion (i.e. in the factor (PDI-1), & (2) by if the MMD of the sample is the only factor affecting the
25% is arguably too large. A value of 10%%(= 0.1) seems  observed peak. Unlike the theoretical ind&%ll sec may

a more reasonable upper limit. o N also be affected by the column diameter. The SEC-integrity
There are several different possibilities within case 4, indices are defined such that they directly reflect variations
depending on the relative magmtudesﬁgmmn andogp,. in the width of the observed MMD. §*Pll sgc = 1 the ob-

However, we do not need to elaborate on these separatelyserved chromatographic bandwidth can be converted with-
The best advice to chromatographers is to do anything theyout correction to the sample polydispersity®f#il sec = 0.9
can to change a case-4 situation into one of the three otheronly 90% of the observed bandwidth is due to the polydis-
ones by minimizing the extra-column band broadening. persity (and the calculated PDI will be approximately 20%
One way of studying the extra-column band broadening higher than the true value, sé&e. (2).
is to remove the column from the instrumental set-up. In. The anticipated effects of reductions in the column
principle, this reduces bothg,,,,ando3p, to zero, sothat  |ength (Fast SEC) or the column diameter (micro-SEC)
"czommn: ngtra-columr]' _ on the chromatographic-integrity indices are summarizgd
The columns typically employed in SEC are not only in Table 1b In the case of Fast SEC the chromatographic
broad, but also long. Commonly, several columns of resolution is the main point of concern. Reducing the col-
300-500 mm length are connected in series, to reach totalumn length (keeping other parameters constant) leads to a
column lengthsl() up to several meters. Increasing the col- reduced resolution, as does an increase in flow rate. In the

umn length does help to improve the ratio betwegg, case of miniaturized SEC extra-column band broadening is

(increasing proportionally with) and ngtra-column (inde- the main threat. The theoretical SEC-integrity index is not

pendent olL), so as to minimize the effect of the latter. We affected, but the practical index is.

can define a chromatographic-integrity indexcglbm) as Table 2summarizes our definitions of different types of

follows: chromatography in terms of the chromatographic-integrity
Ocolumn indices. In ideal chromatography, extra-column band broad-

Il chrom = (13)

\/02 e ening is negligible. This is also the case in ideal-SEC. In ad-
column T “extra-column dition, in ideal-SEC the chromatographic dispersion is neg-
Il chrom takes on values between 0 (totally unacceptable) ligible in compar.ison with the dispersion due to Fhe sample
and 1 (100% chromatographic integrity). Both longer and PDI. If the latter is not the case, SEC will not be ideal, even
broader columns will lead to an enhanced chromatographic'f the experimental (chromatographic) factors_ are controlled
integrity (higher value of dnom). The effect of the col- adequately (knrom = 1). If the chromatographl_c fact_ors are

umn diameter on Brrom is expected to be much greater. not under control, SEC may be a good technique in theory,

The effects are significant whenchom is much smaller ~ But notin practice. ,

than unity, but they diminish when complete integrity is _1he column variance is also affected by the flow rate

approached (Hhrom ~ 1). (F). Because the chrqmatograph_lc efficiency increases (and
Likewise, we can define a theoretical SEC-integrity index Tolumn decreases) with decreasing flow rate, the effect of

(Ml s as follows decreasmg:_ rgsemt_)les the effect of increasihg In. this _

. paper, we will investigate some of the effects associated with
Mg ———— (14) variations in the column diameter, the column length and
m the flow rate in SEC.

If we want to control the individual contributions to the
which takes on a perfect valu€l( sec = 1) if the only fac- total band broadening and to achieve maximum chromato-
tor affecting the observed peak shape and width is the poly- graphic and size-exclusion-chromatographic integrity, we
dispersity of the sampléh.ll secincreases when the column  must be able

length is increased. However, the increase is slow. Starting o ) o
from a situation in whicle2 is dominant (bad conditions  ® to distinguish between the three different contributions to

column N
for SEC),™MI sec may increase by a factor up tgl. Under the total band broadening; _ _
e to measure them independently or to otherwise obtain

better conditionsd3y, > o2 the effect is much smaller.
S4e01 > Teojum) estimates of their respective magnitudes.

Another “golden truth” of chromatography is worth remem-
bering. Better columns (i.e. a lower plate height, achieved
by using smaller, more-homogenous particles, better pack-2.2. Column band broadening
ing, etc.) are a much better investment than longer columns.

Finally, we can define a practical (experimental) Although chromatographers tend to speak of the column
SEC-integrity index Pl sgQ) dispersion and, more frequently, of the column plate count

(the two being related b¥eq. (4), the value ofagolumn

> > > (15) is strongly affected by the analyte and by the chromato-
0bp1 T Féoiumn T Textra-column graphic conditions (mobile phase, flow rate). The process of

OPDI

Ml sgc=
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Table 2
Integrity indices for different kinds of chromatography
Chromatographic-integrity index SEC-integrity index
Il chrom Eq. (13) Theoretical {llsec Eq. (14) Experimental ©Pll sec Eq. (15)
Ideal chromatography 1 0 (or N/A) 0 (or N/A)
Non-ideal chromatography <1 0 (or N/A) 0 (or N/A)
Ideal-SEC 1 1 1
Sample-challenged SEC 1 <1 ="l gec
Experimentally-challenged SEC <1 <1 <MIgec

a8 Sample-challenged conditions mainly occur when characterizing narrowly distributed samples and/or when using short columns (“Fast SEC”).
b Experimentally-challenged conditions mainly occur when using columns with narrow diameters (“MicroSEC”).

peak dispersion in the column is generally considered to be encountered in SEC studies covers four orders of magnitude,
governed by three phenomena: diffusion in the axial direc- from oligomers with molecular weights of a few hundreds
tion, flow pattern effects (consisting of eddy-diffusion and to large polymers with molecular weights in the millions.
mass-transfer in the mobile phase), and resistance to mas#cross this range the diffusion coefficient decreases by a
transfer in the stationary phase (or stagnant mobile phase)factor of about 200. In order to achieve truly comparable
In order to compare different systems, the chromatographic conditions, very large polymers should be chromatographed
efficiency is often expressed in terms of the reduced (di- at a 200 times lower flow rate than oligomers. This is not
mensionless) plate height)( which is defined as the plate realistic. In practice, SEC is performed at a constant flow
height divided by the particle diameter of the stationary rate and at a linear velocity that is a factor 2-5 lower than

phase. Fronkgs. (4) and (5ve obtain that typically used for eluting small analyte molecules.
2 5 The simplest way to describe the effect of the (reduced)
H L ov L (W12) : :
=—==)x|—=) == x —= _ (16) flow rate or (reduced) velocity on the chromatographic plate
dp dp VR dp 5.54x VR2 height is
or 3
L = -
b <_> <u_22> (16a) h=A+ 5 +Cv (20)
dp M“i

Because the reduced plate height is proportional to the vari- 1 S e.quatllon;]s Commonlyfreferreg to aIS th]t:: “van-DIeemter"
ance,Eq. (8) can also be written in terms of the reduced eq_gagon (mdtd.d_' ve_rsu;,u ordm), UUt aiso ref,:quent yhas—
plate height as follows: cribed to Giddings (in the reduceH,versusv form). The

applicability of this equation for the size-exclusion chro-
hobserved= hpPDI + hcolumn + hextra-column 17) matography of large molecules will be investigated in this
_paper.
Band broadening in SEC has been studied by Busnel et al.
t [23], using very narrow polystyrene standards (RD1.01).
They neglected the contribution of the polydispersity to the
total band width, which may be justified by the theory of

The concept of reduced plate heights suggests that all sim
ilar columns (e.g. all columns packed with uniform spheri-
cal particles) should perform identically when compared a
identical conditions, specifically at the same reduced veloc-

ity (v) Knox et al.[16].
u
. D;"p (18)
m 2.3. Extra-column band broadening
whereu is the average linear velocity (of a fully excluded
compound)g, the particle size anBn, the diffusion coeffi- Significant extra-column band broadening arises from dif-

cient of the analyte (polymer) in the mobile phase. Diffusion ferent sources, such as long and wide connection tubes and
coefficients depend strongly on the mobile phase (typically inappropriately large injection or detection volumes, or from
decreasing with increasing mobile-phase viscosity) and on poorly designed injectors or detectors or poor connections
the analyte (typically decreasing with increasing molecular that induce stagnant volumes. All of these result in un-

weight). For example, the following equati¢®2] is com- wanted band-broadening contributions and therefore need to
monly used to describe the diffusion coefficient (in Ais) be avoided as much as possible. The sample should be in-
of polystyrene in THF troduced onto the column in a sufficiently narrow band, so
Dy = 0.0386M-057 (19) that peak broadening caused by injection is negligible. All

fittings and connectors, anywhere in the flow path between
This equation implies that if the molecular weight of a the sample injector and the detector, should be designed to
polystyrene sample is a factor 10 higher, the diffusion coeffi- introduce a minimum dead volume. Sample detectability is
cientis reduced by 73%. The range of polystyrenes typically limited by the noise of the detector arising from instrument
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electronics, temperature fluctuations, flow changes due tothe polydispersity contribution and other band-broadening

pump pulsation and similar effecf24].
The dispersion caused by (long) capillaries can be esti-
mated from the Taylor equation

2
o2 Mwbelipe o
1P° " 96(/4) LiubeDm "¢
F

2
3 (/8 dZ peLtube
96LtubeDm

F
. (77/4)df,1_,beLtube
96Dy F

(21)

where Uype is the mean linear velocity in the tubdipe
andLype are the tube internal diameter and length, respec-
tively, andty,pe the mean residence time in the tubey. (21)
suggests that the dispersion due to connection tubing is in-
creasing linearly with the tube length and dramatically with
the tube diameter. Although this conclusion may be qual-
itatively correct, the quantitative application Bfy. (21)is
highly questionable, especially for (slowly diffusing) poly-

effects can be considered negligible.
Knox et al. [16] proposed an equation to estimate the
contribution of the polydispersity to the observed variance

odp; = S?(PDI — 1)(a + 1) (22)
or to the total (apparent) plate height
L 2

where,Sis the negative inverse slope of the SEC calibration
curve (~dVgr/d(InM)) andwx a correction factor that depends
on the polydispersity of the polymer
11 137

= —-(PDI—1) + = (PDI—1)2 23
= ( ) + 1 ( ) (23)
In order to compute the PDI contribution to the (reduced)
plate height, accurate knowledge of the polydispersity of the

narrow standards used is essential. The widths of molar-mass
distributions (which are directly related to the PBY. (2)

mers. Several equations have been suggested in the literahave been estimated from size-exclusion chromatography

2

ture, which predict;, . to be much lower than predicted by

Eq. (21) [25,26] Recent experimental results obtained with

with concentration and light-scattering detectj@d]. Also,
the PDI can be obtained from mass-spectrometric measure-

dextrans yield dispersion values that are up to a thousandments using soft ionization techniquia,31]

times lower than predicted by the Taylor equatj@m].
Nevertheless, large diameters of the connecting tubing

In case of commercial standards, the manufacturer spec-
ifies a value. Usually, an upper limit is specified (e.g. PDI

will lead to increased dispersion, because the distance< 1.05). Some researchers have suggested that the real PDI
across which the analyte molecules need to diffuse in ordervalues are much smaller than those specified by the sup-
to sample all the different regimes in the parabolic flow pliers [28,29,32] Stegeman et al[28] claimed thathpp,
profile increases. Longer tubing also results in an increasedis overestimated, probably due to an overestimation of the
variance of the chromatographic peak. Other factors, suchPDI reported by the manufacturer of the standards. Also
as non-ideal flow profiles in connections, cannot easily be other author429,32] claim that the real PDI is consider-
estimated. The many influencing factors and uncertainties ably smaller than the nominal values reported, because SEC,
make extra-column band-broadening a very complex phe-which is used for their estimation, is significantly affected
nomenon. In this paper we will evaluate how much of the by band-broadening effects.

total variance of the peak is due to the extra-column band Temperature-gradientinteraction chromatography (TGIC)
broadening, and we will try to minimize these effects. We has been found to give much narrower peaks than SEC and
compare the experimental results obtained on a conven-thus leads to much lower PDI estima{@$,21] For poly-
tional SEC system with runs of the same samples with the mers (e.g. polystyrenes) made by anionic polymerisation
SEC column being replaced by tubing, directly connecting the TGIC peaks observed approached a Poisson distribution
the injector to the detector. and the estimated PDI values were close to those derived
from the Poisson distribution. Interactive liquid chromatog-
raphy offers another possible way to study the MMD of
very narrowly distributed polymer sampl§&3].

In SEC of synthetic polymers band broadening results in ~ Knox et al.[16] demonstrated the implications &f). (8)
distortion of the calculated MMD, as well as in errors in using simulations. In this study we want to evaluate the con-
the average molar-mass values obtai[22J29] To achieve tribution of polydispersity to the total peak width in practical
ideal-SEC conditionsHg. (10) and high SEC-integrity  situations, on different SEC columns and applying different
(Eg. (15) we need the band dispersion due to extra- and flow rates.
intra-column effects to be minimized, while the band dis-
persion due to the sample PDI (viz. the selectivity of the
separation) should be maximized. To obtain good estimates3. Experimental
of the MMD of polymers, they should be measured un-
der conditions at whicl*Pll sgc approaches unity, viz. the In this paper we report on a number of interesting observa-
chromatographic peak width is completely determined by tions in relation to band broadening in size-exclusion chro-

2.4. Band broadening due to polydispersity
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matography a more-elaborate discussion involving larger ex- Table 4
perimental data sets will be presented ebewm Elut|9n times and peak stan(_jard deviations (|r_1 tlme_ and vol_ume units)
obtained for standards of different molar weights in experiments on
. . the extra-column band broadening using a 500 mm0.25mm piece
3.1. Instrumentation and chemicals of connection tubing instead of the separation column, eluent THF at
1 ml/min, UV detector at 254 nm

Estimates of the extra-column band broadening were ob-; " (pa)

. . - ) tr (s) ot () ov (1)
tained by connecting the injector to the detector using a |
50cm long connecting tube, with an internal diameter of T°1“$88 i; ;g ;3'28
0.0254 cm, manufactured by UPCHURCH Scientific, INC ;450 19 203 33.83
(Oak Harbour, WA, USA). The solvent delivery module used 3,250 2.0 2.19 36.50
was a LC-10AD VP pump, from Shimadzu (Kyoto, Japan).  5.050 2.0 2.21 36.83
The Rheodyne (Bensheim, Germany) injection valve had a 7:000 18 2.12 35.33
fixed loop of 40ul. Detection was performed with an Ap- %288 12 ;'Zg ﬁgg
plied Biosystems (Ramsey, NJ, USA) UV detector atawave- 500,000 19 284 47.33
length of 254 nm and with a detector cell ofu8 The peaks 271,000 1.2 2.74 45.67
were recorded and examined using a routine written in our 675,000 15 2.02 33.67
department in Matlab 5.2 (MathWorks, Natick, MA, USA). gog’gggooo ig é-gg 13-23;

In order to get an indication of the percentage of extra- 2:200:000 19 284 47.33

column band broadening in a conventional system, we used
the same system as earlier, but we included a separation col-

umn. We used three different PL-Gel Individual-Pore-Size (sed were polystyrenes (PS) from Polymer Labs or Pres-
GPC/SEC columns from Polymer Laboratories (Church gyre Chemical (Pittsburgh, PA). Their properties are shown
Stretton, Shropshire, UK), with dimensions 300mm6.8  jn Taple 3 The concentration of all standard solutions was
mm i.d. and packed with pm particles. The columns 1 mg/m| in non-stabilized THF. The marker, toluene, was
had different pore sizes: () @ (effective MM range:  gptained from Merck (Darmstadt, Germany). It was used
500-60,000 Day), (ii) 1A (effective MM range: 10,000~  in a concentration of 0.1 mg/ml. The experiments shown in
600,000 Da), and (jii) 10A (effective MM range: 60,000—  this paper were performed at a flow rate of 0.7 ml/min.
2,000,000 Da). For the Fast SEC experiments we used Fqr the validation of the Knox equatiokq. (22) [16]),
a 50mm x 7.5mm id. column packed with PL-Gel \ye ysed measurements performed on a Waters Alliance
Spm MIXED-C stationary phase (effective MM range: SgC system, equipped with a Waters 410 refractive-index
200-2,000,000Da). The system temperature was main-(R|) detector. The system temperature was maintained at
tained at 30C. 30°C. Data were recorded using the Waters Millennium32
Data were recorded using the Waters (Milford, MA, gsoftware. Calculations and data treatment on the chromato-
USA) Millennium32 software. Calculations and data treat- graphic peaks were performed using in-house Matlab-5.2
ment on the chromatographic peaks were performed usingsgftware.
software written in-house on a Matlab-5.2 platform. The
eluent was non-stabililized tetrahydrofurane (THF) from 35 procedures
Biosolve (Valkenswaard, The Netherlands). The standards

The polystyrene standards and the toluerable 4 were
Table 3 injected on the various SEC columns. For the determination
Peak molar massMp), manufacturer and specified polydispersity of the  of extra-column band broadening we compared the peak
polystyrene standards used in this study width of the conventional SEC system with the peak width

M, (Da) Manufacturer PDI observed in the experiments with a connector tube installed
1.700 Polymer Labs 1.06 betyveen the pump'anq the detector. Becausg the peaks were
2,450 Polymer Labs 105 typically not Gaussian in shape, we used statistical moments
3,250 Polymer Labs 1.04  to determine the retention volumes and the peak standard
5,050 Polymer Labs 1.05 deviationg[35].

7,000 Polymer Labs 1.01
11,600 Polymer Labs 1.03
22,000 Polymer Labs 1.03 . .
76,600 Polymer Labs 103 4 Resultsand discussion

200,000 Pressure Chemical 1.03 ]

475,000 Polymer Labs 1.03 4.1. Extra-column band broadening versus observed

675,000 Polymer Labs 1.07 dispersion

900,000 Pressure Chemical 1.07
2,000,000 Pressure Chemical 1.03

We injected the toluene and the PS standards individually.

2,200,000 Polymer Labs 1.04 . . i
y We used the first normalized central moment to determine
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Table 5
Peak variances obtained on a conventional system having a PL-&AI 10
separation column (300 mm 6.8 mm), peak variances estimated from the
o experiment without column installed and extra-column band-broadening
§_ contribution to the total band-broadening at 1.0 ml/min flow rate
wy
% MM (Da) oobserved (1) Oextra-column (1) I'Cextra-column (%0)
S
§ Toluene 216.67 29.50 1.85
g 1,700 225.00 35.50 2.49
2,450 213.33 33.83 2.52
f , RN 3,250 193.33 36.50 3.56
0 4 . e = - 5,050 200.00 36.83 3.39
retention time (seconds) 11,600 143.33 32.33 5.09
76,600 136.67 41.33 9.15
Fig. 1. Indication on the contribution to the variance of the peak due to 200,000 131.67 47.33 12.92
extra-column band broadening (solutes, toluene; polystyrene standards of675,000 125.00 33.67 7.25
7000, 76,600, and 675,000 Da) at 0.7 ml/min flow rate. 2,000,000 133.33 47.33 12.60
2,200,000 133.33 47.33 12.60

the retention time and the second normalized central mo-
ment to measure the peak variantalfle 4. Some of the ob- o )
served profiles are shown Fig. 1 The asymmetry (tailing) ~ {fibutions of extra-column band broadeningekxcolumn)
of the peaks seems to increase with increasing molar massWere calculated. Froriiable 5 it appears that only a few
This can be explained by the facts that higher molar-mass Percent of the total band broadening originated from the
polymer sample solutions have a higher viscosity and that extra-column dispersion in the_case of low MM standards.
the diffusion coefficients strongly decrease with increasing Here the extra-column dispersion was relatively small and
molecular weight Eq. (19). However, the increase in the the observed (_jlspersmn relatively large. For the highest M.M
variance is not dramatic and much smaller than would be Standards which were totally excluded, the observed dis-
expected fronEq. (21) A faster injection may help to re- persion decreased, while the extra—colqmn dispgrsipn in-
duce the tail of the high molar-mass peaks, by introducing acreased. As a resu_lt, the_ average relative contribution of
narrow injection profile, which will implicitly resultin anar-  the extra-column dispersion typically exceeded 10%, for
rower analyte peak. We have performed experiments with athe totally excluded standards. IFable § we list some
fast-switching valve and time-split injections. Indeed, some "CextrarcolumnValues obtained with three different columns for
improvements can be obtained and the tailing of the profiles rélatively small standards. It appears that also in case of to-
can be reducefB4]. ta_ll permeation the relative contribution of the extra-column
With the current set-up, the extra-column band broad- dispersion increases. The low-MM standards are totally per-

ening Eextracolumn) is in the range of 30-5Q1 and the meating on the 10A column.

variance (,gxtra_colum ) is approximately in the range of In chromatography 20% extra-column dispersion can be

1000-200Qul? (0.001-0.002 n?). To discuss the integrity allowed without influencing the final peak width signifi-
of the size-exclusion chromatographic system, we mustcom-Calntly [36_] (see discussion |r$e_ct|on 2'.)‘ However, the .
pare this value with the column varianoﬁ& ) and the PDI obtained from SEC experiments is affected by vari-
variance due to the sample polydispersitﬁg:;r.] For these ations in the variance, rather than the peak width and an

. . : DI . extra-column contribution of 10% to the dispersion seems
experiments we installed three different individual-pore-size only marainally acceptable. Thus the band broadening aris-
separation columns (PL-Gel 48, PL-Gel 1¢* A or PL-Gel y marginatly P : g

) ) . . ing from tubing, connectors, injector and detector is accept-
10°A; one column ?t a time) of conventional SEC. slze ably low in this experiment only within the effective working
(300mmx 6.8 mm) in the system. From each experiment

. . . . range of the column. For totally excluded compounds the
with a column installed we obtained the observed variance 9 y P
of the peak §observeg- TO Obtain the relative (percentage)
contribution (rexira-column) Of extra-column band broaden-  Table 6
ing we divided the variance of the peak obtained in the Percentages of extra-column band broadeningsoumn) as contribu-
experiment without the column installed by the variance of tion to the total band dispersion, obtained with three different separation
; . olumns, PL-Gel 19A, PL-Gel 1A and PL-Gel 16 A (300mm x
the same molar-mass standard analyzed in the conventlonaz 8mm)
SEC system, as follows

Column (&)  StandaraM, (Da)

2
o
extra-column
FC.rarcatumn = (02—> % 100 (24) Toluene 1,700 7,000 11,600 22,000 76,600
observed 103 1.85 2.49 385 5.09 6.14 9.15
In Table 5 we present an example of peak variances obtained 10t 1.50 2.99 295 2.61 2.96 551
10° 4.81 6.89 12.00 8.43 5.61 11.31

using the PL-Gel 1A column, from which the relative con-
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Table 7 900
Effect of the concentration on the extra-column band-broadening contri- 800 |
bution, RI detector, tubing (1500 mm 0.25mm), at 1 ml/min flow rate
700 1
Mp (Da) Concentration (mg/ml) ot (S) oy ()
T 6001
7,000 0.70 2.02 35.17 = 5001
0.50 2.00 33.27 a
0.35 2.11 33.62 T 400
76,000 0.70 2.25 37.55 3001
0.50 2.14 35.59 200
0.35 2.08 34.59 100
900,000 0.70 2.76 45.97 0. : ‘
0.50 2.52 41.99 45 5 55 6 65 7 75 8 85
0.35 2.23 37.24 VR (ml)

Fig. 2. Calculated contributions of the sample polydispersity to the ob-

t | di . b ite sianificant. H served plate height using the Knox equation. Column, PL-G&A1@low
éxtra-column dispersion may be quite significant. However, rate, 0.7 ml/min; calibration curve InMM= —0.4673/g% + 9.5946/R2

in this case SEC cannot be used to obtain PDI values in any_ 66 368/ + 163.52. Drawn lines (top to bottom) PB 1.05, 1.03,
case. In some commercial SEC systems we found consider-1.02, 1.01. Dots represent experimental data for the total (observed) re-
ably higher dispersion values, probably due to long pieces duced plate height. The thin line illustrates the shape of the calibration
of connection tubing. These systems are typically used with SUrve (not matching the vertical axis).
several columns connected in series. To make them suit-
able for single-column SEC experiments, the extra-column far the greatest contribution from the sample polydispersity
dispersion must be reduced. These systems — and the systo the predicted peak width is observed in the region where
tem used for the present experiments — are not suitable forthe calibration curve is nearly horizontal. The inverse slope
micro-SEC experiments involving columns with diameters of the calibration curve is very much higher in this region
(much) smaller than the 6.8 mm used in the present case. (more than 10 times higher than on the left-hand-side of the
The effect of the polymer concentration on the extra- figure, so thathpp, is more than 100 times higher). This
column band broadening was found to be very small. Some once again lays emphasis on the need to work well within
examples are given iffable 7 For the PS 7000 and PS the effective range of SEC columns if at all possible.
76,600 standards doubling the concentration changes the ob- Also included inFig. 2 are the experimentally observed
served standard deviation only by a few percent. For very plate heights for a number of standards run under the spec-
large polymers such as the PS 900,000 standard, the effecified conditions. This leads to several striking observations.

is greater, but certainly not dramatic. ) i i
(1) The observed dispersion (in terms la$p;) depends

only slightly on the molecular weight and thus on
the elution volume, except for the largest standards
(675,000-2,200,000 Da), which elute near the exclusion
limit of the column. For these latter standards the band
broadening is much greater than for the other standards.
This has been observed before and the phenomenon is
not completely understood. Pasti et (8] have con-
nected it to the small number of times that the largest
molecules enter a pore during their passage through the
column.

The observed peak width is not much greater in the
middle of the calibration curve. This seems to indicate
that high-integrity SEC (wherbpp; dominateshcoumn

and hextra-column, SO that®*Pllggc & 1) is not possible

for narrow standards, at least not on a single (300 mm
long) SEC column.

Around the centre of the curves, the observed plate
height is much smaller than could be expected based on
the specified PDI values.

4.2. Sample polydispersity versus observed dispersion

4.2.1. Estimating pp;

The variance due to the sample dispersion can be esti-
mated fromEq. (22) while the contribution of the sample
polydispersity to the observed plate height can be calculated
from Eq. (22a) The Knox equations can be theoretically de-
rived [34] and we have previously verified them by numeri-
cal calculations ofipp, [17]. The negative, inverse slope of
the calibration curve§ = —dVgr/d(InM)) in Eq. (22) was )
estimated in two different wayg37]. One value was de-
rived from the calibration models best describing the entire
range and encompassing all standards; The second method
employed the slope of local straight parts of the calibration
curve. Based on all these efforts, we are confident that the
Knox equations do provide a good estimatehpf. 3)

In Fig. 2, we show the estimated valueshglp, as a func-
tion of the elution volume for a 300 mm 6.8 mm PS 19A
column at 0.7 ml/min. The shape of the calibration curve is
indicated in the figure (thin line; not scaled). The bell-shaped For reasons specified above, we believe that the Knox
curves are calculated for PDI values of 1.05, 1.03, 1.02, andequation is essentially correct. Therefore, the PS 7000
1.01 (from top to bottom). The curves demonstrate that by standard Ygr = 6.93ml) and the PS 11,600 standalk (
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= 6.54 ml) cannot have polydispersities much greater than under ideal conditions. It is seen that the theoretical values
1.01, because they fall just above this lingHig. 2 This is are much lower than the specified values, especially for high
an upper limit (PDhay), because the observed band width molecular weights. However, in the latter case ideal condi-
is likely to include a significant contribution from chro- tions are hard to maintain (mixing problems, long reaction
matographic band broadening. The PS 7000 standard has éimes, etc.). Nevertheless, this calculation demonstrates that
specified polydispersity of 1.01 or less (Seble 3, which lower PDI values than those specified by the manufacturer
is justified based oRig. 2 However, the PS 11,600 standard are not unrealistic.

has a specified polydispersity 1.03 or less. This is a techni- Chang et al[20,21]used temperature-gradient interaction
cally correct, but extremely careful specification. Likewise, chromatography (TGIC) to achieve a greater selectivity for
the PS 5050 standard/g = 7.21ml), with a specified  polystyrene standards than commonly achieved with SEC.
polydispersity of 1.05 can be assigned a RRlvalue of They found PDI values that approached the theoretical (Pois-
about 1.02 based oRig. 2 The points towards the edges son) values listed iffable 8 The PDI values obtained from

of Fig. 2 show an observed band broadening that is much SEC were reported to be considerably higher. Fitzpatrick
higher than the predicted contribution from polydispersity et al.[33] reached similar conclusions using gradient-elution
(hpp1). However, this is not because these standards have diquid chromatography instead of TGIC.

greater polydispersity, but because the present SEC column

shows a limited selectivity in their molecular-weight range. 4.2.2.2. Matrix-assisted laser-desorption ionization
A greater range can be studied by using coupled columns(MALDI) mass spectrometry.In principle, mass spectrom-

or mixed-bed (“linear”) columns, but narrow standards can etry offers a direct way to measure the polydispersity of
best be studied on columns with a narrow pore-size dis- narrowly distributed polymers (standards). In practice, how-
tribution in the appropriate randgéd]. In other words, the  ever, a number of stringent requirements must be met. The
SEC-integrity index will not be improved by using these sample must be representatively ionized, i.e. the ionization
other column configurations. By studying many different efficiency should be the same for all molecules (big and
standards on many different columns, we have shown thatsmall, functionalized or non-functionalized, etc.); All ions
the PDI values of PS standards specified by the manufac-must be analyzed and detected with the same sensitivity;

turer are usually rather conservative upper linfiltg)]. All ions must be singly charged (or it must be possible to
correct for multiple ionization through software, which is
4.2.2. Sample polydispersity difficult for complex samples of large molecules); The en-

tire distribution must be clearly discernable from the noise
4.2.2.1. Poisson distributions.Narrow polystyrene stan-  and from the baseline. In practice (MALDI-ToF-MS) comes
dards can be prepared by (“living”) anionic polymerization close to meeting these requirements. MALDI is a very soft
typically using butyl lithium as the initiator. Under ideal ionisation technique, which yields large, non-fragmented
conditions (perfect mixing, absence of scavengers such asons. However, the technique should preferably only be ap-
oxygen, absence of branching reactions, etc.) such reactionglied to samples that are quite homogeneous in terms of size
are expected to result in Poisson distributions for the degree(i.e. a narrow MMD or low PDI) and very homogeneous
of polymerization. InTable § the theoretical polydisper- in terms of chemical composition and functionality. Thus,
sities (PDj}h) are given for polystyrene standards prepared MALDI should only be applied to study distributions in

combination with a liquid-phase separation mettigf If

all the above conditions are met, the MALDI-MS spectrum
Table 8 _ _ is directly indicative of the molecular-weight distribution of
Theoretlce_il PDI vqlues ot_)tal_ned_ for the different polystyrene standards a polymer. Because the signal is proportional to the number
by assuming a Poisson distribution . . .

of ions of a certain mass, the centre of gravity of the MS
Mp n PDln PDI-1 Manufacturer- signal is the number average molecular weigiit, X This

specified PDI parameter can be determined most accurately using MS.
1,700 16 1.0625 6.258D2  1.06 Calculations also allow,, and the PDI to be derived from
2:450 23 10435 4.35€02 - 1.05 the spectrum. The latter tw t tend to be |
3,250 31 1.0323 323802 1.04 P : : 0 paramelers tend o be 1ess
5,050 48  1.0208 208802  1.05 accurate[39]. Large ions are more likely to be obscured
7,000 67  1.0149 1.49802  1.04 by noise and baseline problems are aggravated. As a result,
11,600 111 1.00901 9.0HD3  1.03 MALDI has become a pretty reliable technique for measur-
22,000 211 1.00474 4.7483 103 ing M,,, but its merits as a tool for accurately determining
76,600 735 1.00136 13e@3  1.03 M, and PDI values are still the subject of debat
200,000 1920  1.000520  5.2004  1.03 w . Ject of aebate. _
475,000 4561  1.000219 21904  1.03 Wg _apphed MALDI tp three polystyrene standards with
675,000 6481  1.000154 1.5404  1.07 specified molecular weights of 4700, 6770, and 76,600, and
900,000 8641  1.000116 l11e@4  1.07 with polydispersities of 1.05, 1.03, and 1.03, respectively

2,000,000 19202 1.0000520 5.2085 1.03

(values specified by the manufacturers). An example of a
2,200,000 21123  1.0000473  4.7385  1.04

MALDI-ToF-MS spectrum is shown asig. 3. Two correc-
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noise than the entire isotope pattern. However, because the
magnitude of the correction factor increases with increasing
molecular weight, this is yet another reason why the high
molecular-weight end of the mass spectrum is susceptible
to noise.

For both corrections the change is larger for higher molar
masses, which suggests that the calculdéggd and PDI
values will increase. However, for low-molecular-weight
standards almost equal values are obtained with and with-
out the corrections, For example, for the standard with
Mp = 6770, 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 char-
acterizing high-molecular-weight polymers. PDI values of
1.021, 1.020, and 1.003 were estimated for the respective
standards. The resulting values for the PDI indicate that for
the first two samples estimates 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 discussed elsewh¢4@)].

600

500

400

300

200
4.3. Total observed band dispersion
100 4.3.1. Relative contributions to band broadening and
integrity indices

In previous sections, we have discussed extra-column
band broadening and sample dispersion in relation to the

ettt s btttk et sl total observed band broadening. We have concluded that
3000 4000 5000 6000 m/z neither contribution is dominant. Extra-column band broad-
Fig. 3. MALDI-ToF-MS spectrum for the 505M, polystyrene standard ening can be estimated independently and it can be kept
with a manufacturer-specified value of 1.05 for the PDI. sufficiently small in most practical situations. The effect

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

tions were performed on the raw MS data. Firstly, the signal does not follow the predicted pattern. Thus, column band
intensity was changed from number fractions to weight frac- broadening is a significant contribution in SEC of narrow
tions by multiplying the intensity with the relevant molecu- standards. However, we cannot measure the column band
lar weight. Secondly, a correction was introduced to account broadening independentl§zg. (3) can be used to obtain
for the isotope pattern, based on the natural abundance ofestimated values, but the accuracy of such estimates is low,
the 1°C and13C isotopes. The measured intensity (signal unless accurate values of the sample polydispersity are
height) around a giverw/z value arises from the molecules available. As discussed above, there is ample evidence to
with the most frequently occurrind?C-13C isotope com- conclude that the values specified by the suppliers are con-
position. If the number of carbon atoms is known, then a servative upper limits. For low-MM standards, we believe
correction can be made to obtain the total signal intensity. that MALDI provides the best estimates. However, at this
For instance, it can be calculated from a binomial distribu- point in time MALDI results may not yet be rigorously cor-
tion that for a peak with 272 carbon atoms (peak arowm rect. For very high-MM standards there is some evidence
of 3500 inFig. 3) the most probably combination is three [20,21]that the Poisson limit may be approached. Thus, for
13C and 269'°C atoms. It can also be calculated that this the high-MM standards this may be our best current esti-
peak represents 22.5% of the polymer molecules with 272 mate. Still, our best current estimates are not good enough
carbons, so that the height of this peak will be multiplied to useEq. (3) with any kind of confidence. Therefore, we
with a factor of 100/22.5= 4.4. The highest signal around are taking a different approach in this study.
m/z 6000 is due to the polymer with 464 C atoms, five of  We concluded fronfrig. 2that the chromatographic band
which are!3C atoms. The highest signal represents 17.6% broadening forms a large, if not dominant contribution to
of this polymer and the correction factor becomes 5.7. Ap- the observed band widths. In the worst case, all of the ob-
plying the correction factor to the highest peak is advanta- served band broadening can be ascribed to intra-column
geous, because it will be more easily discernable from the and extra-column dispersion and none of it is due to the
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sample polydispersity. Thus, the observed peak variancestandards and it is assumed to be independent of the sam-
corresponds to the maximum possible contribution from ple polydispersity. The contribution from the latter is cal-
chromatographic dispersion. If we then calculate the contri- culated usingzq. (22) For samples of different molecular
butions from the sample polydispersity to the peak width, weight and different polydispersity, the SEC-integrity in-
which can be done with some confidence using the Knox dices E*Pll sgc) can then be calculated usikg. (15) Fig. 4

equation Eq. (22), we can evaluate the relative contribu-

shows contour plots, in which the value®Pll secis plotted

tions and predict (minimum) values of the SEC-integrity in- as a function of the sample PDI (horizontal axis; proportional

dices. This is done iRig. 4for three different SEC columns.

The chromatographic var|anoezg,umn+o

extra—column) IS as-

to log(PDI-1)) and molecular weight (vertical axis; log MM).
Generally and according to expectation, the SEC-integrity

sumed to be equal to the variance observed using narrowis low on the left-hand side of the plots (narrow samples)
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and high on the right-hand side (broad samples). The rate of
changes from low to high values depends on the sample MM
in relation to the selectivity (calibration curve) of the column.
Thus, on the PL-Gel A column Fig. 49 samples with

a molecular weight of about 10,000 yield the highest values
for €*Pll sec. Samples with a PDI larger than about 1.02 will
give rise to arf*Pll sgc value in excess of 0.8 (dark area). On
this single column, samples with PB{ 1.1 can be analyzed
with good integrity €*Pll sec>0.8) in the approximate range
2500 < MM < 30,000. The corresponding ranges for the
10* A (Fig. 4b and 16 A (Fig. 49 columns are 15,00&

MM < 300,000 and 20,00& MM < 500,000, respectively.
Based on observed peak widths for a series of standards and
the SEC calibration curves, SEC-integrity plots as the ones
shown inFig. 4 can easily be calculated for any kind of col-
umn or column configuration. This provides a clear and ob-
jective indication for the selection of suitable SEC columns
and it can provide guidelines in the study of various types
of SEC columns (e.g. miniaturized SEC, Fast SEC).

4.3.2. SEC at high flow rates

Eq. (20)describes the conventional relationship between
chromatographic plate height and mobile-phase velocity ac-
cording to Giddings and Knox. The reduced velocity ia
this equation is inversely proportional to the molecular diffu-
sion coefficient of the analyte in the mobile pha&q.((18).
The very slow molecular diffusion of high-MM polymers
(Eq. (19) results in very large values. IfEq. (20)is valid
and the coefficienC is constant (i.e. if Giddings’ principle
of reduced plate heights applies), then we must anticipate
very high values oh (very low plate numbers) for SEC at
high flow rates. Indeed, SEC (of polymers) is usually per-
formed at considerably lower flow rates than is HPLC (of
low-MM analytes). To draw ah versusy curve, some rea-
sonable assumptions have to be made for the paranfsters
B andCin Eq. (20) In HPLC, typical values may b& = 2,
B =1 andC = 0.05[44]. However, the validity of such a
general curve in SEC is questionable. The very high reduced
velocities encountered in SEC imply that the application of
a reduced-plate-height plot obtained from HPLC requires
massive extrapolation.

Fig. 5ashows a plot for the reduced plate height observed

Fig. 4. (a) SEC-integrity plot, showing the experimental SEC-integrity
index (Eqg. (15) as a function of the sample PDI (horizontal axis; propor-
tional to log(PDI-1)) and molecular weight (vertical axis; log MM) for a

single (300 mmx 6.8 mm) PL-Gel 18A column. (b) As (a), except for

a PL-Gel 16 A column. (c) As (a), except for a PL-Gel 38 column.

in the SEC of narrow PS standards. The (approximate) slopes
of such plots C-term inEq. (20) are often much lower than
expected and great deviations from linearity are encoun-
tered. Across the very large rangeofialues encountered
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< 20

o~ - - 1 10 100 1000 10000 100000
-------------- v

tu-m- < 200kDa Fig. 6. Calculated dimensionless plate-height curve plotted on a loga-
g * rithmic scale for polystyrene standards on a PL-Gel Mixed C 50 mm
7.5mm i.d. column.

cluded a coupling term in his plate-height equation that
accounted for Eddy diffusion in the radial directipti,42].
This results in flattening (and curvature) of the C-term
2MDa (high-v) branch of the plate-height curvEd. (20). In case

pomenn TR of high-molecular-weight polymers, where the molecular

101 200k0n i diffusion coefficient is extremely low, it is easy to envis-

< Sa age that the Eddy-diffusion contribution to the (favourable)
radial diffusion of polymers is dominant. In any case,
Ao L L AT el the effective diffusion of high-molecular-weight poly-
b BT = mers seems to be more favourable (or less unfavourable)
than predicted byEq. (19) The latter equation only ac-
counts for the molecular diffusion (of polystyrene samples
in THF).
' T ‘ Knox and Parchef43] studied the dispersion for unre-

1 i 100 1000 10000 tained solutes at very high reduced velocities. In a later
(b) v account, Knox recalled that very high valueswofequired

Fig. 5. (a) Calculated dimensionless plate-height curve and observed totale_Ither working at very high pressures_or with very Iarge_par-
plate heights for polystyrene standards on PL-G&lA@olumn (300 mm ticles[44]. In the chromatography of high-molecular-weight
x 6.8mm i.d.). (b) As for the (a), but plotted on a logaritmic scale (both Synthetic polymers we incidentally work at very high
axes). values because of a third reason, namely extremely low
values ofDy, (seeEq. (18). Knox and Parcher found that,
in Fig. 5a it is more practical to refer to a logarithmic scale. gye to the coupling of tha term (Eddy diffusion) and the
This was also done in the extensive SEC-band-broadeningmgpile-phase contribution to ti@term, the (reduced) plate
studies of Knox et a[16,43,44,45]Fig. Sbshows the same  hejght did not increase proportionally with(as suggested
data agFig. 5ain a log—log format. The slopes of the lines Eq. (20), but increased with®33 [43]. For columns
in this figure are much smaller than unity. Because of con- ith relatively large diameters even more favourable results
tributions from extra-column band broadening and sample \yere obtained with < 1915, However, to profit from this
polydispersity, the total observed plate height must exceed«jnfinjte-diameter” effect, samples must be introduced at
the chromatographic band broadening. However, the exper-the centre of the column, using a “curtain-flow system”. We
imentally observed (total) plate height is very much lower pserve the most favourable relationships between reduced
than one would expect based Bg. (20) In Fast SEC short plate heightstf) and reduced velocities)) in Fig. 5b for
columns and high flow rates are typically used. Here even sagmples for which total exclusion occurs, i.e. unretained
higher values ofv are encountered-ig. 6 shows a logn solutes in the terminology of Knox and Parcher. For re-
versus log curve up to reduced velocities of about 50,000, tgined solutes Knox and Scqtts] found a combination of

very much higher than those studied by Kni@d]. Espe- 3 (coupled)A'-term and a (stationary-phas@}-term, i.e.
cially for high-molecular-weight PS standards at (very) high

flow rates, we observed much less dispersion than expecteds = 4’1933 + C'v (25)
Similar observations have also been reported by ofidis

One possible reason for the observed deviations from where the value of the coefficie@® was about 10 times
Eqg. (20)has already been identified by Giddings, who in- lower than that ofC in Eq. (20)

100
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One obvious consequence of results as showkigs. 5 SEC separations will increase the need for such algorithms.
and 6is the possibility to perform SEC at higher flow However, if no suitable standards are available (e.g. in case
rates than previously thought desirable. Indeed, there is aof copolymers) mathematical deconvolution is not possible.
strong trend towards the use of so-called Fast SEC tech-SEC-MALLS and SEC-viscosity do not alleviate the need
niques[10,11] Because short and wide columns are typi- for good SEC separations (high SEC-integrity indices). In
cally used for Fast SEC, the “infinite-diameter” effect may be contrast, the interpretation of the data obtained with such
exploited, but this requires suitable injection devices. Some techniques is greatly simplified if very narrow fractions are
of the columns advocated for use in Fast SEC approach thedetected at any one time. For the (off-line) coupling of
infinite-diameter idea in a more literal serjdd]. SEC with matrix-assisted laser-desorption ionization mass

spectrometry or for the (on-line) coupling of SEC with
electrospray-ionization mass spectrometry narrow fractions
5. Conclusions and outlook are also highly desirable.
One prevailing conclusion of the present study is that it

In this paper we have discussed a number of aspects ofremains difficult to distinguish between the various contri-
band broadening in size-exclusion chromatography. We havebutions to the total observed peak width (i.e. extra-column,
introduced integrity indices for chromatography in general intra-column, and sample dispersion). An elegant tech-
and for SEC in particular and we have demonstrated how nique to help in this process may be comprehensive
these can be used to judge the suitability of SEC systems intwo-dimensional liquid chromatography in a rather uncon-
various situations. ventional mode, using size-exclusion chromatography in

We have investigated extra-column band broadening andboth dimensions (SECXSEC). The fractions obtained from
we have concluded that this contribution can be kept suffi- the first dimension will be more narrowly distributed than
ciently small in most practical situations. However, problems the initial sample. In the second dimension sample disper-
are anticipated when SEC columns are miniaturized, without sion will thus play a much smaller role. If the extra-column
concomitant adaptation of the instrumentation. Some minia- band broadening can be kept sufficiently low, the observed
turization of SEC is reasonably straightforward, but the use dispersion after the first dimension will be determined by
of commercial viscometric and light-scattering detectors in the column band broadening and by the sample dispersion.
combination with miniaturized SEC systems is not easily Ideally, the observed dispersion after the second dimension
possible. will be determined only by the column band broadening.

We have also considered the characterization of narrow We will report on the use of SE& SEC for studying band
polymer standards by SEC, with special emphasis on thebroadening in SEC elsewhef&4].
contribution of the sample polydispersity (PDI) to the ob-
served peak width. If the PDI and the SEC calibration curve
are accurately known, than the PDI contribution can be con- Acknowledgements
fidently predicted. However, accurate PDI values are not

easily obtained. Matrix-assisted laser-desorption ionization The authors would like to thank Polymer Labs for pro-
(MALDI) mass spectrometry is a promising, but not yet viding us with separation columns, Bastiaan Staal from
fully matured technique, by which PDI values for narrowly  the Technische Universiteit Eindhoven for performing the
distributed polymers may be measured directly. We have MALDI-ToF-MS experiments, Paul le Comte and Aschwin
demonstrated that the PDI values specified by the suppli-yan der Horst for technical support and Hans Boelens

ers of polymer standards are conservative upper limits. Wefor extensive support with data analysis. Wim Decrop is
have also demonstrated that in SEC of narrow standards thehcknowledged for his help in creating the integrity plots.

contribution of sample polydispersity is not dominant, not
even under conditions where selectivity is highest (i.e. in the
shallowest part of the SEC calibration curve).

Column band broadening is usually dominant in the SEC
of narrow standards. Band broadening is demonstrated to
be especially large around the total-exclusion limit of a
SEC column. In this case the total observed band broad-
ening is much greater than expected. Also unexpected, bu
much more welcome, is the relatively low band broadening
observed for (very) high-molecular-weight polymeric stan-
dards at (very) high flow rates. This is especially favourable 4, = /n (A.1)
for Fast SEC separations.

To some extent, SEC-band broadening can be correctedn Eq. (2) we considered the standard deviatien =€ o,
for by mathematical deconvolution, if suitable standards are Mmon) of the distribution in molecular-weight units (Da) and
available[18,19] The trend towards fast (low-resolution) the average molecular weigh¥lf = nMpopn). By dividing

Appendix A. PDI for a Poisson distribution

A 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,
tn). The standard deviation of the Poisson distribution is the
square root oh
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both properties by the molecular weight of the monomeric
unit (Mmon) We can rewriteEq. (2)to obtain

2
On 1 Mmon
PDI=1 =1+-
+ < n?2 ) + n M,

1+

= (A.2)
For monomeric weight of the styrene uniMgon) Iis
104 g/mol, and therefore

104
PDI=1+ —
+ M,

n

(A.3)
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