Available online at www.sciencedirect.com

ScIENcE@DIREcT° JOURNAL OF
CHROMATOGRAPHY A

ELSEVIER Journal of Chromatography A, 1084 (2005) 160-166

www.elsevier.com/locate/chroma

Direct determination of band broadening in size
exclusion chromatography

|. Schroll-Bitai*

Institut flir Physikalische Chemie, &Miinger Str. 42, A-1090 Vienna, Austria

Abstract

A simple method to correct the measured extent of band broadening in size exclusion chromatography for the contribution of narrow
(polydisperse) standards is presented. It is based on the assumptions that commercial polymer standards can be described by a Pois:
distribution and the additivity of peak variances. Two sets of standards (polystyrene from two suppliers) were investigated under normal
working conditions, i.e. a combination of four columns with different porosities and a flow rate of 1 ml/min. Furthermore, the polystyrene
standards were used to determine the extent of band broadening for four additional combinations of columns (varying in their separatior
range and porosities) as a function of the elution volume. The assumption of a constant peak variance for band broadening turned out to be
(very) rough approximation for some combinations of columns, but all results taken together demonstrate that this assumption is not generall
applicable. Qualitative agreement between theory and experiment was found with a rearranged van Deemter equation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction mers — Correction for band broadening and other systematic
errors” from G.R. Meira.

When measuring chain length distributions (CLD) of poly- Knox and McLennaif?] already pointed out that the peak
mers with size exclusion chromatography the influence of width of a measured distribution is composed of two con-
band broadening (bb) on the CLD becomes obvious for tributions, namely the original width of the distribution (due
monodisperse samples, narrow polymers and for “broad” to the fact that synthetic polymers are polydisperse) and the
multimodale distributions composed of narrow peaks. The influence of bb. This fact is also expressed by the additivity
determined number and mass average degrees of polymeref peak variances:
ization and polydispersities are slightly incorrect as a con-
sequence. Furthermore due to bb a shift of the Iocatron of PSEC= "peak"' (’bb (1)

e Bt f feclon (W1 e ueed 0 e STECL06 i the mesrec pekvarianof andy represen
. o propagati, the contributions of the peak and bb, respectively. The con-
radical polymerizatiori1]) can be observed. In order to be

! : . : ventional direct determination of both contributions involves
able to correct this adulteration an experimentally simple,

fast and straightforward method for the direct determination , either a lot of experimental work or sophisticated mathemat-

of the extent of bb as a function of elution volume is needed ical inversion procedures. On the other hand, theoretical ex-
Based on this knowledge correction routines can be dever pressions can be derivedt@j acfor differenttypes of distri-

butron which are to be expected for either anionic or radical
oped. These problems are addressed in the IUPAC project P

“Data treatment in size exclusion chromatography of pol polymerizations.
grapny ot poly- Ideal anionic polymerization will lead to Poisson dis-

tributions, distributions with narrow peaks can be synthe-
* Tel.: +431 4277 52441; fax: +431 4277 9524. sized by either quasi living radical polymerization, pseudo-
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ysis of calculated narrow CLDs showed, that the location D2 js a constant for the injection technique and equals 12
of the points of inflection is always influenced by experi- for a rectangular sample plug (this corresponds to the lowest
mental conditions. Poisson distributions and narrow distri- possible contribution from the injection process). For an

butions are characterized by the fact, that the relative peakinjection volumeVip; = 0.1 ml, the contribution from the

width § (defined as the ratio of the points of inflectidagn, injection is as small as2, = 8.3 x 1074 ml2.

ilow) IS an invariant quantity with respect to the number, "

n, molar massw, and the so called hyper distributioh, rIxF

[3,4]: Otap= mgar— (M) 8)
ol P 384D,

ihigh — 8, NSy, > 1 @) For a flow rateF of 0.0167 ml/s, a radius of the capillary

ow of r=0.0125cm and a diffusion coefficient of the solute

L _ , . Dm=3.4x10*x M~ 054n?/s [7] (for polystyrene in
This is important as it means that the relative peak width is ;= atT=25°C) will give rise to about 5 10-6 ml? per

also independent of the detector type. The location of the
extraordinary points can either be determined directly from Depending on the detector type, injection mode and in-
the raw data or from those converted to the different types ;o (o yolume, this contribution can range from 0.00017 to
of distribution. The peak widthAsec, determined fromthe g 55375 i [6]. In all, the extra-column contributions to bb

raw data is proportional to the relative peak width according are pretty small and as the comparison with experimental

cm capillary.

to[5]: results will show can be neglected without loss of accuracy.
20sec = Asec= VRlow — VR high o~ 02 (6a)
= }{Iog Mhigh — l0g Miow} Therefore, bb is dominated by the effects occurring in the
k columns. Van DeemtdB] presented a theoretical equation
_ 1 log Lhigh _ 1 log s, 3) forthe height equivalent of a theoretical platéhat takes into
k Liow k account the contributions of diffusion and mass resistance:
with k being the slope of a linear calibration: |dg] = a — H=A+ B + Cu (cm) (9)
kVR. u

Knowledge of the ideal peak variance suffices for cor- \ith a linear flow rate (cm/s).

recting the measured peak variance for the contribution of  11q first termA, represents the contribution from the eddy

polydispersity, thus enabling the direct determination ofband gty sion, whereas the extent of longitudinal diffusion of the

broadening: solute in the mobile phase is described by the second term,

1 B. The third termC, stems from the mass transfer between

obb = \/08Ec — Oeak= 5\/AgEC— {log(@peal/ k> (4) the stationary phase in the pores and the mobile phase. The
plate height is correlated to the peak variance by:

For monodisperse samples, the relative peak width is inde- 2

pendent of the molar mass and equal to one per definition. 7 _ <‘700|) L (10)

For a Poisson distribution, the relative peak width depends Vr

only on the value of the chain length at the peak maximum,

imax, according to theor{s]:

Imax + +/Imax
§= = YT )] 2. Experimental
Imax — 4/ Imax P

with L being the length of the column(s).

The experimental variance already corrected for the con- ~ Standards poly(styrene) (PS), poly(methyl methacry-
tribution of the polydispersity is still composed of several late) (PMMA) were from Polymer Standard Service (PSS,
contributions, namely those of the injector, the connecting Mainz Germany) and poly(styrene) from scientific products

capillaries, the detector and the columns: (SP, Ontario, New York, USA)eluent THF (Merck, Vi-
enna, Austria), 1 ml/min at 3CC; columnsPSS-SDV, 1Gvm
O = Ofnj + Olap+ OGer+ 001 (MP) (6) (8 mmx 300 mm), 16, 10%, 10, 16 A (anew set of columns

was used and its performance was not completely identi-
From capillary liquid chromatograpt$], estimates for the  cal with that used before) from Polymer Standard Service
first three quantities can be given: (Mainz, Germany); the columns were always connectedin the
order of decreasing porosity starting with the highest porosity
after the injectorDetector Waters RI (Waters 2410, Vienna,
Austria). Between the injector were a pre-column filter and

2

Ve,
o =z (MP) ™
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a PSS-SDV 1@um pre-column (8 mnx 50 mm) from Poly- > / ml?
mer Standard Service (Mainz, Germany). Mixtures of three

0.3
or four standards were used; the concentration varied be- O PSS local slope
tween 1 and 2 mg/ml for masses belowt 1etween 0.5 and o SP local slope
a
1 mg/mlfor 16 < molar mass < 1%and was below 0.5 mg/ml & PSS derivative

T
o

for higher molar masses. Too high a concentration broadenedo. 2

h .. K Vv SP derivati
the signal additionally. For each polymer type, alinear as well srivative

as athird order polynomial calibration curve was constructed. o ° °

In the intermediate elution range, the two calibration curves v o L 2 PO

coincided, deviations were observed at the low and highmo- %' ¢ A, Qo oV °© a R

lar mass ends. The chromatographic data was numerically o Y °

differentiated in order to determine peak maxima and points ~ § a

of inflection. 0.0 , . \ ,
1 2 3 4 5

/g( imax)

3. Results and discussion
Fig. 1. Comparison af? values as a function of the degree of polymerization

The use of a linear calibration curve is a simplification imax Of the peak maximum determined with either a local slope (polygon
calibration) or the slope calculated via the first derivative of the calibration

which might only be justified in the intermediate region ofa e (Eq(11)): columns: 16+ 16 + 10% + 1P A.
calibration curve. In most cases, a distinct curvature can be

observed at both ends of the calibration range. When alinear ) .
calibration is used or the calibration curve is replaced by a U€S can be observed at logk) ~ 3.5 and the variances drop

polygon, the peak variances seem to increase at high valuedrastically at even higher degrees of polymerization (lower
of the peak maximum (cFig. 1“local slope”). On the other retention volumes). Most variances are smaller than for the

hand, if at a certain retention volume the slope is assignedcombination of four columns which is intuitively expected.
the value of the first derivative: The location of the maximum is shifted to lower lag{x)
values when the separation range is further reduced by tak-

d logM J i ing away the column with T0A; the peak variances become
k=—g—= > iaiVy 11) smaller in the separation range. At first glance, a decreasing
i=1 variance with increasing log{ax) seem to be in contradiction

it becomes obvious that the choice of the slope will influence With the results given ifrig. 1 but the trend can already be
the results considerably where the calibration curve deviatesOPserved irFig. 2 ' _

from linearity. InFig. 1, the results are compared fortwosets ~ Cheng et al[9] demonstrated that a maximum in the
of polystyrene standards, one from PSS and the other fromsPreading functiom® should appear which is due to the in-
SP. Below a molecular mass of 10,000 (i.e. ilag< 2) the vgrse.proportipr_]ality of the column spreading function to the
variances become smaller and below 5000 negative valuegiffusion coefficienDm of the solute. Rearrangement of the
were obtained in some cases. Neglecting this low molecular Van Deemter equation and insertion of the respective terms
mass region, it seems to be justified to interpret the peak

variances as almost constant for a molecular weight range / mi?

of 10,000 to 3,000,000 without any theoretical background.
A constant variance was also found by Busnel ef#lfor
different columns. A distinct reduction in the peak variances
below a degree of polymerization for the peak maximpgx

of 100 does not disappear when the slope is assigned the value ; , |
of the first derivative. A similar behaviour was observed when
PMMA standards were analyzed. The scatter in the data is
comparable forthe PS standards from both suppliers, it seems

0.3r

to be slightly larger for the PMMA standards (even when o.1p v o - P

neglecting one standard wit¥, = 22,200 which does not at a8 g " ga o ¢ 8

all comply with the other data). e 4 v e .
Anincrease in band broadening is expected near the exclu- u o

sion limit, but according to the specification of the supplier °-°, ) . " .

all standards should lie within the separation range of the
columns. When the column §@ is taken away, the stan-
dards with Fhe highest m0|ar masses Shogld lie outside of rig. 2. 42 values for a column combination with a smaller separation range;
the separation range. Fig. 2 a maximum in the? val- columns 168+ 10* + 10° A; symbols as irFig. 1

1900
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[10] for the different contributions will lead to:
2
HVE 2dy , 2Dml _, Vodp
—2 =1r—V — Vi +qg——u(Vk — V,
7 2 R 12 Rtaq I DSM( R 0)
=02, (10a)

This equation is more complete than the one used by Cheng

et al. It gives information of how the particle diametigrand
the interstitial volume/p will influence the peak variance as
a function of elution volumeDs is the diffusion coefficient

of the solute in the pores and is expected to be smaller due to

obstructed diffusion effects within a pof&l] according to:

ool ]

Ry
whereg is either 5.5 for a ratio of the Stokes radius of the
polymer to the pore radiu’s/Ry /2 below 0.05 o8 =7.4 for
Rs/R1/2 above 0.05. If this ratio is set constant as an approxi-
mation:

Dm

Ds

S

(12)

Ds=cDm=cc M ¢ (13)

cis called the obstruction factor. When a linear calibration in
the form

INnM=d —k'Vg
is used Eq(10a)takes the form
02y = AAVZ + yB1 exp(B2VR} V3

1
+EC1 exp{C2VR}Vo(Vr — Vo) (10b)

with
_ 2dp
L
B, — Ec/ exp{—ea’}
L u
By =¢k' =—-Cy
d? u
Ci=gL -
1=a L ¢ exp{—ed'}

for a constant flow rate. Iffable 1the different combina-
tions of columns are compiled together with the calculated
coefficients for polystyrene by making use of the diffusion
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Fig. 3. 02 values as a function of the retention volurdg; circles: re-

sults from PSS standards, triangles: results from SP standards; columns:
100+ 1C° +10* + 16° A. The full line is the sum of the three contributions

(A, BandC) as given by the van Deemter E40b)

determine the interstitial volumé&, with a polymer standard
with a molecular weight higher than the exclusion limit as
there seemed to be still some separation (this was deduced
from the calibration curves). Therefore, from the standard
with the highest molecular weight the retention volume be-
longing to the beginning of the elution curve was chosen as a
substitute. This value was slightly higher than the separation
limit given by the supplier for the column with the highest
porosity (1§ A), but definitely higher than those with lower
porosities. Nevertheless, the qualitative agreement between
experiment and theory seems to justify this choice. A sen-
sible data fit was not possible when the exclusion limit as
given from the supplief19] for the different columns were
converted into retention volumes.

The values listed iffable 1demonstrate that the contribu-
tion of the longitudinal diffusionB term) is far smaller than
those from eddy diffusion and mass transfer and can therefore
be neglected in most cases; only for high elution volumes a
non negligible contribution will appear. This is in agreement
with the observation of Striegel for tlterm broadening be-
low 30,000[13]. This can also be observed in thigs. 3—7
where the determined variances are compared with the theo-
retical predictions (Eq10b)); the different contributions are
alsoincluded. For a qualitative agreement between theory and
experimenty =1 andi = 1.4 was used in all cases. The latter

coefficient of styrene as given before and a geometrical factor constant represents the quality of packing and ranges from 1

of q=1/30 as derived by Gidding2]. It was not possible to

(very well packed) to 10 (faulty packinfd4]. With respect to

Table 1

The particle size for all columns was jufn, the linear flow rate was 0.0332 cm/s

Combination Length (cm) a —K (ml—1) Vo (ml) A(1079) B; (10710 B=—C> C1 (10°9)
108, 10°, 104, 10° 120 22.117 0.3421 20.3 1.67 .56 0.193 711
10°, 104, 10° 90 21.425 0.4486 15.0 2.22 » 0.253 641
104, 1063 60 21.425 0.6797 10.2 3.33 h2e) 0.383 962
108, 1P 60 23.378 0.6646 11.5 3.33 5 0.375 2895
108, 10°, 10° 90 22.419 0.4396 16.5 2.22 3 0.248 1123
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a2/ mi?
0.15

Fig. 4. o2 values as a function of the retention voluivig; symbols as in

Fig. 3 columns: 16+ 10* + 13 A.

a2 / mi?

0.15p

0.00

Ve / ml

10

Fig. 5. o2 values as a function of the retention voluivig; symbols as in

Fig. 3 columns: 16 + 1C3 A.

o2 / ml?

0.15p

Fig. 6. 2 values as a function of the retention voluivig; symbols as in

Fig. 3 columns: 16 + 1P A.

Ve / mli
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a? / mi?

0.15p

Vo / ml

Fig. 7. o2 values as a function of the retention voluivig; symbols as in
Fig. 3 columns: 16+ 10° + 10* A.

the mass transfer terot! was set equal to 21 for all column
combinations. This would correspond to an obstruction factor
of about 0.05. This is far smaller than the expected value of
0.7 for a small molecule (e.g. toluene) and also smaller than
0.12 as determined for polystyrene with a molecular weight
of 160,000 14]. Taking into account that the obstruction fac-
tor strongly depends on the molecular mass, a still smaller
value is feasible for molecular masses ovet. Whether this
value is physically preposterous or not can be decided with
the following estimate.

As separation is said to occur because of the size of the
solute, the radius of an equivalent sphere can be derived from
the hydrodynamic volumg,:

4

Vi = ?Rgphe,e (14a)
KMl+Ol

Vi ~ TL (14b)

With the Kuhn—-Mark—Houwink—Sakurada coefficients for
polystyrene in THF aff=25°C of K=0.011cnig~! and
a=0.725[15], the radii of the analyzed polymer standards
range from 0.9 to 70 nm. The pore radius for the different
columns are given ifable 2together with the obstruction
factor calculated with Eq12)for the standards with the high-

est molecular mass in the respective separation range. Thus,
it is demonstrated that the values used to fit the experimental
results are in a physically sensible range.

Table 2
Compilation of the pore radiil9] of the columns, the molar mass of the
standard closest to the upper separation limit and the calcudatecalues

Column Radius (nm) Molar mass ¢!
100 182 2057000 16
10° 744 512000 21
10t 588 295000 16
10° 10.3 18100 25
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Inall, the variances obtained for the different column com-
binations can be described by the van Deemter equation with
only two adjustable parameters. The first belonging to‘the
term, describes the quality of the packing, the second gives
information about the obstructed diffusion in the por€s (
term). This is surprising as in all cases a combination of dif-
ferent porosities was used and no information was found of
how this fact will influence the variances. Furthermore, in-
stead of a size dependent obstructive factor (as given in Eq.
(12)) a constant value was used to fit the data in order to
keep the theoretical equation as simple as possible. Close in-|
spection of the results from the combinations containing the
lowest porosity (18A) reveals that the variances for those
standards with low molecular weight masses are higher than
the theoretical ones, whereas such an effect seems to be miss | gM
ing for the two combinations without this column. Inclusion
of a secondC term with a higher interstitial volume (for the  Fig. 8. RI signals of a PMMA standard mixture and a PMMA prepared
103 column) improved the quality of the fit slightly. Thus, the by radical polymerization in microemulsation with intermittent illumination
van Deemter equation in its most simple formulation suffices (RS; rotating SG?Cttc;]reWFi:g as i'ignh;tgo":?éz rztr']‘(": &)z)nrggr"r’::g:’;foééh;gind
to describe the experimental results and does not support théaheeare?;gé?\;’enl;ue o T e 61,000, :
view of a constant variance independent of the retention vol-
ume. On the other hand, in some cases this assumption turned
out be a possible approximation. Therefore, it will always by polymers synthesized independently. Multimodale distri-
be necessary to determine the variances of band broadeningutions with narrow peaks can be obtained by radical pseudo-
directly for a given column combination whenever the appli- Stationary polymerization (either rotating sector with a fixed
cation of any kind of correction procedure is intended. These sector speed or pulsed laser polymerization) in microemul-
results also demonstrate very clearly that the combination of Sion[20,21}
columns with different porosities have a very pronounced in-  In the first cas¢20], narrow peaks are obtained with the-
fluence on the dependence of the variances on the retentiorPretical relative peak widthsof 1.2 and 1.09 for the first and
volume. On the first sight contradictory experimental results second peak for alight to dark ratio of 1:5 (based on distribu-
found in the literature of either a constant variaficeor an tions simulated for instationary polymerization conditions).
increasing variancl6] with decreasing retention volume For polymers prepared by pulsed laser polymerizafaiy,
become Compatib|e by the van Deemter equation_ Eq. (5) is valid. InFlg 8 the qualitative Comparison between

Another trial to link existing theories with experimentalre-  the peak width of PMMA prepared by pseudostationary poly-
sults was done by the investigation of the reduced plate heightmerization in microemulsion and a standard (prepared by an-
which lead to the following results: For the column set with ionic polymerization) demonstrates that the peak width of
the |argest nominal Separation range, the 5|ope d*“@'sus the first is broader. The variance obtained from the first and
logimaxis close to 0.25 but slight deviations can be observed second peaks of this sample by taking into account the proper
in the low molecular mass regime. The obtained slope is in theoretical peak variance is in agreement with that obtained
agreement with the results obtained by)&iner[17] where from the standardfR1]. Comparison of the variances deter-
a slope of 0.24 is expected according to theory and was mea-mined from polymers prepared by different techniques can be

standard mixture

sured for a set of columns packed with LiChrosfhefor used tojudge the quality of polymer standards. Inthis way, we
the column combination £0and 13 A alone, the reduced  Were able to show that the PMMA standard wMp = 22,200
plate height decreased with increasigaxin the low molar is too broad in comparison with a Poisson distribution and

mass region followed by an increase. Vander Heyden et al. must therefore lead to a to higi? value[21].

[18] reported a similar behaviour for a PL-Gelih column

with 103 A. These results cannot be interpreted by the ap-

proach presented by &tkner as a more complex pattern for 4. Conclusion

the reduced plate height as a function of molar masses was

obtained when different combinations of columns were used.  The determination af? of band broadening in size exclu-

From this, it can be concluded that the extrapolation proce- sion chromatography was based on the assumption that com-

dure suggested by Gtkner is not applicable in all cases and mercial polymer standards are almost Poisson distributed.

it is therefore essential to determine directly the band broad- The measured peak widths (defined via the points of inflec-

ening occurring in a given set of columns. tion) are related to the variances and can be corrected for
This can be done either by making use of commercially the variance stemming from the polymer distribution itself.

available polymer standards as shown in this contribution or Comparison of the results obtained with PS standards from
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