
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 23 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Liquid Chromatography & Related Technologies
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597273

BAND BROADENING IN SIZE EXCLUSION CHROMATOGRAPHY OF
POLYMERS. STATE OF THE ART AND SOME NOVEL SOLUTIONS
J. L. Baumgartena; J. -P. Busnelb; G. R. Meirac

a Pro Analysi, Wiehl, Germany b Polymères, Colloïdes, Interfaces, UMR 6120/CNRS, Université du
Maine, Le Mans, France c INTEC (Universidad Nacional del Litoral-CONICET), Santa Fe, Argentina

Online publication date: 28 August 2002

To cite this Article Baumgarten, J. L. , Busnel, J. -P. and Meira, G. R.(2002) 'BAND BROADENING IN SIZE EXCLUSION
CHROMATOGRAPHY OF POLYMERS. STATE OF THE ART AND SOME NOVEL SOLUTIONS', Journal of Liquid
Chromatography & Related Technologies, 25: 13, 1967 — 2001
To link to this Article: DOI: 10.1081/JLC-120013991
URL: http://dx.doi.org/10.1081/JLC-120013991

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597273
http://dx.doi.org/10.1081/JLC-120013991
http://www.informaworld.com/terms-and-conditions-of-access.pdf
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1Pro Analysi, Immen 24, 51674 Wiehl, Germany
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Université du Maine, Av. O. Messiaen 72085,
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3INTEC (Universidad Nacional del Litoral-CONICET),

Guemes 3450, Santa Fe (3000), Argentina

ABSTRACT

This work reviews the main problems of band broadening (BB)

in SEC, and also presents some novel and state-of-the-art solu-

tions. The first part of the work describes Tung’s equation and

presents an overview on the expected order-of-magnitude of BB

effects. The second part deals with the experimental determina-

tion of the broadening function using ultra-narrow standards.

The third part describes several algorithms for inverting the

mass chromatograms. To allow for the simultaneous occurrence

of narrow and broad regions in the same chromatogram, a novel

regularization filter with a position-dependent parameter was

introduced. When comparing different inversion procedures, the
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maximum entropy method has proven effective for recuperating

structural details narrower than two times the width of the

kernel. For broader and smoother regions, most other inversion

procedures are equally effective. The fourth part of the work

aims at producing unbiased estimates in multidetection SEC. For

a derived variable obtained by linear combination of two or

more chromatograms, it is preferable to directly perform the

calculation from the raw measurements, and then to correct the

(broadened) derived variable with the standard system kernel.

When estimating molar masses from in-line molar mass sensors,

intolerable errors are produced near to the baselines. To cope

with this problem and to simultaneously correct for BB, a theo-

retical procedure is reviewed that is based on recuperating the

linear (unbiased) molecular weight calibration.

Key Words: Band broadening; SEC; Broadening function;

Polymer characterisation; Maximum entropy; Molar mass

INTRODUCTION

Band broadening (BB) is one of several systematic effects that make difficult

the data processing of SEC chromatograms. Other effects like erroneous baseline

correction, false detector constants, and imprecise calibration functions can

overwhelm BB. However, in many situations (and irrespective of other influences),

the correction for BB is indispensable for a truly quantitative estimation.

In ideal SEC, a perfect fractionation according to hydrodynamic volume is

expected. Unfortunately, perfect resolution is impossible due to secondary

fractionations and to BB. Secondary fractionations result from physicochemical

interactions between the polymer, the solvent, and the polymer packing,[1] and they

will not be further discussed. BB is mainly due to axial dispersion in the columns, but

it also includes other minor sources such as column end-fitting effects, finite injection

volume, finite detection cell volume, and flow profiles in the capillaries.[2,3]

Size exclusion chromatography (SEC) is the main analytical technique for

measuring the molecular weight distribution (MWD) of a polymer. BB affects the

molecular weight estimates in different ways, according to the employed

estimation procedure. When molar masses are indirectly estimated from an

independent molecular weight calibration, and the correction for BB is neglected,

the resulting MWD is broader than real and the polydispersity Mw=Mn results

overestimated. The reason is that while BB distorts the mass chromatogram, it

does not affect the molecular weight calibration. To see this, assume that a

calibration is carried out with strictly monodisperse standards, and that the
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corresponding chromatograms are symmetrical. Then, the molecular weights are

assigned at the mean elution volumes. If the same standards were reinjected, but

into an ideal chromatograph without BB, then impulsive Delta functions would be

expected at the same mean retention volumes. Thus, a unique calibration is

obtained, irrespective of BB. Consider now the direct estimation of molar masses

from in-line molar mass sensors. In this case, the resulting MWD is in general

narrower than real, and the polydispersity is underestimated. To see this, assume

that exact estimates of the instantaneous number-, viscosity-, and weight-average

molecular weights [Mn(V), Mv(V), and Mw(V), respectively] were obtained from

ideal sensors. From Mn(V), the global Mn is unbiased, while Mv and Mw are both

underestimated (and therefore, the global polydispersity is again underestimated).

From Mw(V), the global Mw is unbiased, while Mn and Mv are both overestimated

(and therefore, the global polydispersity is underestimated).[4] From Mv(V), the

global polydispersity can be either underestimated (if exact Mark–Houwink

constants are used) or overestimated (when the universal calibration is used).[5,6]

To avoid the ill-posed nature of numerical deconvolutions, alternative

procedures for producing unbiased MWDs have been developed that simply

involve a rotation of the linear calibration counterclockwise around an average

retention volume.[6,7] However, the correction is only exact if the following

(rather strong) hypotheses are verified: (a) the MWD is log-normal; (b) the BB

function is uniform and Gaussian; and (c) the molecular weight calibration

log M(V) is linear. These concepts have been later extended to systems that

include light scattering (LS) measurements.[8] In this case, and by using only the

mid-chromatogram measurements, it is possible to simultaneously determine the

slope of log M(V) and the standard deviation of the BB function.[8] In this work,

none of these restrictive correction methods (from the point of view of the shapes

of the MWD or the BB function) will be further discussed.

The first section of this work introduces the background of Tung’s equation.

The second section presents some recent results on the estimation of the elusive

kernel or broadening function (BF). The third section describes a robust

deconvolution procedure; and the last section discusses some novel procedures

for producing more efficient deconvolutions in multidetection SEC.

GENERAL CONSIDERATIONS

Several arguments have appeared against the necessity of correcting for

BB; e.g.: (i) BB is negligible in modern high-resolution columns; (ii) other

sources of error (such as the baseline determination) should be preferably

attacked; (iii) the broadening function is generally unknown or too difficult to

obtain; (iv) numerical inversions produce infinite solutions, and many conflictive

selection criteria are possible; and (v) ‘‘true’’ molecular weights can be measured
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from molar mass sensors, and therefore the results are unaffected by BB.

The previous arguments are not generally valid, however. For example, argument

(i) is inapplicable when a narrow-distributed polymer is analyzed, when ‘‘sharp’’

details of the MWD are required, and=or when the column resolution is poor

(i.e., for steep calibration curves). With reference to argument (ii), and in spite of

the fact that other more important sources of error may be present, BB is

unavoidable and it therefore should be always taken into consideration for truly

accurate determinations. Answers to arguments (iii) to (v) are given in all that

follows.

Principle of Band Formation

Tung’s equation[9] was originally derived for a mass sensor, but it can be

easily extended to any other detector type. To see this, note that BB mainly occurs

in the fractionation columns, and this process is quite independent on the detector

type. By neglecting the distortion produced in the detector cells and interdetector

capillaries, it is simple to see that any generic chromatogram sk(V) is distorted by

a common kernel that coincides with the standard system kernel of the mass

chromatogram.

Assume that a monodisperse or uniform sample of total mass m and

molecular weight M causes a detector response:[10]

skðM ;V Þ ¼ m � gðM ;V Þ f ðM Þ ð1Þ

where V is the elution volume; g(M, V) is the kernel or broadening function (BF);

and f(M) is the response factor or detector calibration. If now a real sample of

molar mass distribution w(M) is injected into a chromatograph with a calibration

M(V), the responses to each M add up to produce the following (noise-free)

eluogram:[11,12]

skðV Þ ¼ m

ð1
0

gðM ;V Þ f ðMÞ wðM Þ dM

¼

ðþ1

�1

gðV ;eVV Þsk
cðeVV Þ deVV ð2Þ

with:

sk
cðV Þ ¼ mf ðV Þ uðV Þ (‘‘corrected’’ or sharp response) ð3Þ

uðV Þ ¼ wðM ðV ÞÞ
qM ðV Þ

qV

� �
(normalized sharp response) ð4Þ

where eVV represents the average retention volume of an hypothetical monodisperse

sample.
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From u(V), the average molecular weight averages and other derived

variables may be calculated (Table 1).

Order of Magnitude of the Band Broadening Effects

Without BB correction, s(V) is used instead of sk
cðV Þ. To explore the

magnitude of this effect, we first examine a purely analytical model with the

following properties:[13–17] (i) a chromatographically-simple polymer has a sharp

normalized eluogram u(V), that is Gaussian-shaped of average V0 and variance

su
2; (ii) the kernel g is uniform (or position-independent), and Gaussian of

variance sg
2; and (iii) the calibration function is linear, i.e.:

log½M ðV Þ	 ¼ A � BV ð5Þ

The broadened ‘‘measurements’’ from a differential refractometer (DR), a

light scattering (LS) sensor or an intrinsic viscometer (IV) (sDR, sLS, and sIV,

respectively) can be calculated by inserting Eqs. (3) and (4) into Eq. (2). It turns

out, that all of these ‘‘chromatograms’’ are also Gaussian. The ratios sLS=sDR or

sIV=sDR can be interpreted as calibrations obtained from the LS and IV signals.

These ad hoc calibrations are only valid for the analysed sample, and adopt the

same form of Eq. (5), but with different coefficients, i.e.:

logðsk=sDRÞ ¼ Ak � BkV ðk ¼ LS or IVÞ ð6Þ

When using either the conventional linear calibration of Eq. (5), or Eq. (6)

for a LS sensor, we can plot the ratio between the estimated and the true

nonuniformity U vs. su
2=sg

2, where su
2 has been varied in a wide range of values

(see abscissa of Fig. 1). Call ÛUDR and ÛULS=DR the estimates of U respectively

obtained from the ideal DR signalþ the conventional calibration, and from the

ideal LSþDR sensors. When su
2 becomes close to or smaller than sg

2, then

ÛULS=DR results underestimated while ÛUDR results overestimated. Figure 1 also

shows that (for a linear calibration with ideal DR and LS measurements), the

Table 1. Basic Definitions

Expression Name

hM Li ¼
Ð

MLðV Þ uðV Þ dV L-th moment

M J ¼ hM J�1i=hM J�2i Mn for J ¼ 1; M w for J ¼ 2;Mz for J ¼ 3

D ¼ Mw=Mn Polydispersity or polymolecularity index

U ¼ D � 1 Nonuniformity index or nonuniformity
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sample nonuniformity can be accurately calculated through the following average

of the previous estimates:

Utrue �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ÛUDRÛULS=DR

q
Similarly, from the ad hoc calibration sIV=sDR, we can retrieve the intrinsic

viscosity or Staudinger index ½Z	, and evaluate the deviation of the Mark–

Houwink parameters a and K, when either the conventional or the LS calibrations

Figure 1. The effect of BB on the nonuniformity U is numerically investigated assuming

both a conventional linear calibration and an ideal LS-DR calibration. The numerical

example assumes a series of Gaussian ‘‘chromatograms’’ of mean retention volume 30 mL

and varying variances. The kernel is uniform and Gaussian, with a fixed variance

sg
2 ¼ 0:18034 mL2. The abscissas are the ratio between the variance of the true sharp

response and the variance of the kernel. The ordinates represent the ratio between the

estimated U and the true U. The linear calibration is defined by M (20 mL)¼ 106 g=mol

and M (40 mL)¼ 104 g=mol. Three estimates of U are compared: (1) ÛUDR was obtained by

combining the DR signal with the conventional calibration; (2) ÛULS=DR corresponds to an

ideal LS-DR calibration; and (3) the horizontal line was obtained by averaging the two

previous estimates.
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are used. With the conventional calibration, the estimates âaDR and K̂KDR are

considerably deteriorated (Fig. 2). With the LS calibration, the errors are lower

than 0.1% for, and almost 0% for âaLS. The following comments can be made.

Irrespective of the applied calibration procedure, the errors in the

average molecular weights are generally lower than 10%.

With the conventional calibration, the estimates ÛUDR, K̂KDR, and âaDR

are all significantly affected; in particular when the sample variance is an

order of magnitude lower than the kernel variance.

With the LS calibration, only ÛULS=DR remains sensitive, but the errors

are very low for narrow samples, while the misleads in K̂KLS and âaLS are

below ca. 0.3%.

An extension to Utrue �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ÛUDRÛULS=DR

q
is given later by Eq. (14), that

is valid for arbitrary shapes of the kernel and the eluogram.

Figure 2. The numerical example of Fig. 1 is here reconsidered, but assuming that the

true global ½Z	 is known from ideal DR and IV signals; and that the corresponding Mark–

Houwink are estimated from the DR signalþ the conventional calibration. The ratio of the

estimated over the true K and a parameters (in logarithmic scale) is represented vs. the ratio

between the variance of the true sharp response and the variance of the kernel.
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BAND BROADENING FUNCTION

A key aspect of BB correction is to establish the precise broadening

function (BF) for the specific chromatographic system.

The first attempts of BB correction were focused on improving the inversion

methods, while the BF was assumed Gaussian (either with a constant or variable

variance sg
2). The following experimental methods have been tested.

Direct comparison between the polydispersities (or polymolecularity

indexes) Mw=Mn obtained by SEC integration and by absolute average

molecular weight measurements. For broad-distributed samples, the kernel

was assumed uniform and Gaussian. For a set of narrow standards, the local

values of sg
2 could be estimated.[14]

Reverse flow technique. It consists of analysing a narrow standard

and to reverse the flow just before the beginning of its elution. In this way,

the polymolecularity effect is compensated, and the width of the

chromatogram is an indication of sg.[9,18]

For a broad-distributed sample, one can compare the ad hoc

calibration Mw(V) obtained from a LS sensor Mw(V) with an independent

calibration M(V) obtained with narrow samples M(V).[19]

An important state-of-the-art review has been published by Hamielec in

1984.[12] In all his treatments, the BF was assumed Gaussian. This involved a

simplification of the necessary data treatment, as required by the limited

computing facilities of that time. Later, the same general ideas were adapted and

improved by other authors,[20–22] but always maintaining the Gaussian

assumption.

At present, SEC column performance has strongly improved, and also a

precise examination of the peak shapes from almost monodisperse samples is

possible. Very narrow and low-molecular-weight samples clearly indicates that

peaks are always skewed, thus, making the Gaussian assumption unrealistic.

Attempts to define the BF from strictly theoretical considerations are so far

impossible. The reason is, that not only many parameters affect the broadening in

the column, but also a broadening is produced in the interconnecting tubes and

detectors. However, the theoretical interpretation is still useful to decide the

directions of future improvements.

Direct examination of peak shape from narrow polymer standards does not

provide useful information on the BF, since their peak shape results from a com-

bination of BB and polymolecularity. Finally, and just for citation, attempts have

been made to estimate the BF by examination of chromatograms from broad-

distributed samples. However, in this case, only averaged BB effects can be

determined.
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Ultra Narrow Sample Analysis

At present, the best estimations of the BF are obtained by direct observation

of ultra-narrow polymer samples, with polymolecularities that negligibly affect

the peak shape.

Thermal Gradient Interaction Chromatography (TGIC) exhibits a better

resolution than SEC for analyzing narrow and linear PS samples prepared by

anionic polymerisation with careful deactivation of the chain ends. Thus,

preparative TGIC allows isolation of ultra-narrow PS fractions with polymole-

cularities lower than 1.005.[23–25] We have recently analysed such ultra-narrow

samples on three column sets of different fractionation ranges, to determine their

BFs.[26] Peak shapes confirm that skewing occurs systematically. With an

excellent correlation coefficient (see Fig. 3), these peaks can be fitted with either

exponentially-modified Gaussians[27] (EMG) or exponential-Gaussian hybrid

functions[28] (EGH). In both cases, a Gaussian dispersion characterised by sx
2 is

combined with an exponential decay characterised by tg. Consider the expressions

for sg
2 and tg presented in Table 2. For low- or medium-molecular weights, both

Figure 3. The chromatogram of an ultra-narrow PS sample (continuous line) is fit to an

exponentially-modified Gaussian function (dotted line). The sample exhibits a molar mass

of 384,000 g=mol and a polymolecularity index of 1.004. The analysis was carried out

using a 60 cm column from Polymer Labs (gel mixed C). The parameters of the EMG fit

are: sg¼ 0.146 cm3; tg¼ 0.124 cm3; and R2
¼ 0.999.
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parameters are quite independent of elution volume as long as we stay away from

total exclusion. However, close to total exclusion, a great increase in peak

skewing is observed. For high molecular weight polymers, a more pronounced

increase in peak width and skewing with molecular weight is observed, and again

a strong increase in the skewing is seen near total exclusion.

A precise correction for BB needs to take into account the nonuniformity

and the skewed characteristic of the BF. A convenient way of defining the kernel

matrix is to represent the BF with a nonuniform EMG or EGH function, with the

functions sg
2ðV Þ and tgðV Þ smoothened from the set of experimental data.

Serious difficulties appear when part of the sample elutes near total

exclusion. In this case, an important peak-tailing is observed and the pollution

extends quite beyond total exclusion. In this case, peak fitting by EMG or EGH

becomes complicated, and the BB correction does not provide useful results.

Stability of the Broadening Function

To be useful, BB correction must be applicable in a variety of situations, and

this requires a reasonable stability of the BF. Our experiments with ultra-narrow

samples have clearly indicated that the BF must be established for each column set

and for each running condition. In effect, the BF is significantly affected when

changing the flow rate, the column volumes, or the injected volume. Fortunately,

SEC analyses are generally run under quite constant conditions.

An additional constraint is the necessary prevention of overloading. This

effect is even observed with narrow commercial standards; and occurs when the

Table 2. Nonuniform Broadening Functions for Three Commercial Column Sets:

Variation of the EMG Parameters

Column Set

JordiTM 100

Å(50 cm)

Pol. Lab.TM

Mixed C

(60 cm)

Pol. Lab.TM

Mixed B

(260 cm)

Zone of feasible BB correction

MW range (g=mol) 60,000–500 600,000–500 26106–15,000

V range (cm3) 14–23 11–19 21–30

sg (cm3) 0.159�0.001 V 0.165�0.002 V 0.46�0.008 V

tg (cm3) 0.130�0.0005 V 0.160�0.0015 V 0.25�0.005 V

Zone near total exclusion volume

V range (cm3) 12–14 10–11 19–21

sg (cm3) 0.09–0.1 0.15–0.16 0.2–0.25

tg (cm3) 0.2–0.3 0.2–0.45 0.4–0.5
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viscosity of the injected solution is significantly higher than the solvent viscosity.

In this case, both the peak width and the peak position change with the injected

concentration.[29] As a rule of thumb, the ‘‘concentration effect’’ is negligible

when the specific viscosity is lower than 0.1. However, for a really good BF

stability, it is preferable to maintain the specific viscosity under 0.05.

Spectacular changes in peak shape also occur when adsorption effects are

in competition with pure steric exclusion. This can be observed in THF solutions of

poly(ethylene oxide) (PEO) or copolymers with grafted PEO.[30] In the presence

of a reversible adsorption, both peak shape and peak position are affected even in

dilute solution. Thus, no general BF correction can be attempted in this case.

Reinjection of Narrow Fractions Isolated from a

Broad-Distributed Sample

For many polymer architectures or chemical compositions, it is quite

difficult to obtain the corresponding ultra-narrow samples. In these cases, the

following versatile (but indirect) method can be attempted. For a given apparatus

and running conditions, we first analyze a broad MWD sample. Then, we

collect sharp fractions of the original sample, and reinject these fractions. The

chromatograms of the reinjected fractions are strongly dependent on the BF.

Thus, a single broad MWD sample can provide useful information on the BF in a

wide elution volume range. An important requirement is to prevent any

overloading during the first analysis. The extremely low concentrations of the

reinjected samples require high detector sensitivity for producing acceptable

chromatograms.

The peak shape of a reinjected fraction depends on both the BF and the

fraction concentration. For this reason, we need to interpret the results indirectly.

In a first stage, an initial BF is used to correct the broad MWD chromatogram for

BB. This yields the true weight fraction distribution of the original sample and of

any fraction collected in a well-defined elution volume segment. In a second

stage, the same BF set is used to predict the chromatogram shapes of each

fraction; and the prediction is then compared with the measurements (Fig. 4).

This indirect method is valuable to check if the BF directly established from

ultra-narrow PS samples appropriately predicts the shape of reinjected fractions

of a different polymer. For a given apparatus, it is less secure to establish the BF

ab initio, by trial and error.

The method was first tested using a broad-distributed polystyrene, and an

excellent fit was obtained. This preliminary test allowed verifying the routines

and to confirm the basic assumption by which the chromatogram of a complex

sample is obtained, by simple addition of its different intervening species. Three

polymers of quite different architectures have been tested. Two of the samples
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were comb-like polymers [a poly(octadecyl acrylate) and a poly(lauryl metha-

crylate)]. The third sample was a highly branched polyurethane, synthesised by

reaction between 1,6-diisocyanatehexane and polyoxypropylene triol with

stoichiometry –NCO=–OH¼ 0.54. In all three cases, the quality of the fits were

similar to those obtained with PS.

In summary, for SEC run with THF under conditions of pure steric

exclusion without overloading, the BF is stable for a given elution volume range

and apparatus.

Water-Soluble Polymers

For water-soluble polymers, the situation is more complex than for

polymers that are soluble in organic solvents. Column efficiency is often limited,

and this increases the importance of BB correction. Also, adsorption effects tend

to compete with steric exclusion, and it is important to verify the stability of the

BF. For a rapid estimation of the BF, the simplest starting point is the direct use of

the peak shape of a pure low-molecular weight sample or a pure protein. The

architecture of globular proteins is quite different from the architecture of

linear polymers, and for the former, there is no direct evidence of a proper BF

stability. For a more careful examination of a sample or family of samples, the

estimation of the BF by iterative reinjection of narrow fractions is feasible, but

highly time-consuming.

Figure 4. Recuperation of an ultra-narrow fraction from a broad MWD sample of

poly(octadecyl acrylate); and fit of the chromatogram produced by such ultra-narrow

fraction. The fit of the narrow chromatogram was produced from an (a priori determined)

broadening function.
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NUMERICAL INVERSION

In Section 1, we have used a simple model to calculate the order of

magnitude of the errors produced when a broadened skðV Þ is used, instead of the

sharp sk
cðV Þ. Now, we turn to methods for correcting this misleading point for

single eluograms.

Calculation of Unbiased Average Molecular Weights

There are two basic methods for retrieving the average molecular weights

from a mass chromatogram and a conventional calibration. In Method 1, one first

calculates the averages from the raw data, and then applies the universal

correction factors (see next section). In Method two, one first deconvolutes the

raw chromatogram and then calculates the quality parameters. Finally, an

alternative procedure involving the use of ideal LS sensors will be considered.

For in-line molar mass detection through LS or IV sensors, only Method 2

is, in principle, applicable. However, additional strategies can be used in

combination with Method 2; and these strategies are described in Section 4.

Hamielec[13] showed that for arbitrary-shaped eluograms and the following

conditions:

(a) g V ;eVV� 	
¼ g V �eVV� 	

ðthe BF is uniformÞ; and ð7Þ

(b)
M ðV Þ

f ðV Þ
¼ expðA0 � B0V Þ ðthe calibration is linearÞ ð8Þ

any (biased) average molecular weight MJ ;s retrieved from a band-broadened mass

chromatogram may be converted into the corresponding true average MJ;u through:

MJ ;u ¼ FJ ðgÞMJ ;s ð9Þ

with

FJ ¼
Lðg; ðJ � 1ÞB0Þ

Lðg; ðJ � 2ÞB0Þ
ð10Þ

where FJ (with J¼ 1 for Mn, and J¼ 2 for Mw) is the so-called universal factor; and

L indicates a Laplace transform. In particular, for Gaussian kernels, Eq. (10) results:

FJ ¼ exp � J �
3

2

� �
sg

2B02


 �
ð11Þ

For skewed kernels, other expressions have been developed.[31]
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Consider, in what follows, a novel method for producing unbiased Mn’s.

More specifically, for systems with uniform kernels, linear calibrations, and

ideal DR and LS sensors, it is possible to correct the biased average molecular

weight without any a priori knowledge of the kernel shape.[17] Assume, for

example, that the global Mw obtained from a LS-calibration is exact (i.e.:

Mw;u ¼ Mw;LS). Then, if the true nonuniformity Uu were known, then the

corrected Mn results:

Mn;u ¼
Mw;LS

1 þ Uu

ð12Þ

Through a Monte-Carlo-study, it has been shown,[17] that irrespective of the

shapes of eluogram and kernel, the following expression can be used to estimate

Uu, with relative error lower than 10% for narrow samples, and lower than 0.1%

for broad samples:

Uu � Ucorr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mw;LS

Mn;LS

� 1

 !
Mw;DR

Mn;DR

� 1

 !vuut ð13Þ

Inserting Eq. (13) into Eq. (12), one obtains:

Mn;u � Mn;corr ¼
Mw;LS

1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mw;LS=Mn;LS � 1
� �

Mw;DR=Mn;DR � 1
� �q ð14Þ

Assuming a low-resolution column, Fig. 7 compares the relative errors of

the following average molecular weights: M̂Mn;DR (calculated from the DR

signalþ the conventional calibration), M̂Mn;LS (calculated from ideal DR and LS

signals), and M̂Mn;corr [calculated using Eq. (14)]. In the simulated example, a

uniform but skewed kernel was assumed and many arbitrary eluograms were

investigated. Such eluograms were obtained by first adding up to four Gaussians,

and then convoluting the result with an EMG kernel. The following can be

observed in Fig. 5: (1) the errors in M̂Mn;DR are quite large and evenly spread in the

investigated region; (2) the errors in M̂Mn;LS are relatively lower, but as expected,

they are all in excess; and (3) the relative errors obtained through Eq. (14) M̂Mn;corr

are all below 0.001.

Full Inversion of Tung’s Equation

Hamielec’s correction factors are inapplicable for LS and IV detection. Full

BB correction allows obtaining not only the true global averages, but also subtle

MWD details like multimodes or hidden oligomer peaks. However, this ‘‘ill-posed’’

problem[32] requires sophisticated inversion tools for reasonable solutions.
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Mathematically speaking, Eq. (2) is an inhomogeneous Fredholm integral

of first kind.[33] To find sk
cðmÞ by numerical methods, Eq. (2) can be

approximated by discretization of eVV into small DeVV -steps, yielding:

g � x � y ¼ s þ m ð15Þ

where g is the kernel matrix; y is the measured vector; x is the searched vector; s

is the noise-free signal at discrete positions Vn; and m is a zero-mean additive

measurement noise of variance sn
2.

Figure 5. Results of a Monte-Carlo study that investigates the effectiveness of Eq. (14) for

estimating the global Mn from ideal DR and LS signals, assuming that the molecular weight

calibration is linear and that the kernel is uniform but arbitrary. The log-linear calibration

function has the following edge-points: M(20 mL)¼ 106 g=mol, and M(40 mL)¼ 103 g=mol.

Many arbitrary eluograms were composed by summing up to four Gaussians (positioned

close to each other) and convolving the result with an EMG-kernel of half-width 1 mL and tg

in the range [�0.5 mL–0.5 mL]. Stochastically-chosen eluograms have shapes varying from

pure Gaussian to skewed shapes and multimodal compositions. The abscissa is the ratio

between the standard deviation of the sharp eluogram and the standard deviation of the

kernel. The ordinate represents the relative errors of Mn, according to the following

calculation methods: (a) using the conventional calibration (crosses); (b) from ideal LS

measurements (squares); and (c) by application of Eq. (14) (circles).
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The sought x should be as close to sk
c as possible. In Eq. (15), an

‘‘approximately equal sign’’ is included because when directly solving g � x ¼ y,

we get:

x ¼ g�1 � s þ g�1 � m ð16Þ

Unfortunately, g�1 � m is dramatically oscillating for Fredholm integrals,

and often its magnitude is larger than that searched solution sk
c. This extreme

sensitivity to noise is known as ‘‘ill-posedness’’.

We want to find a useful solution, x, such that the model m ¼ g � x is as

close as possible to s; i.e.:XN

n¼1

ðg � x � sÞn
2 ¼ MinðxÞ! ð17Þ

If such a solution were found, then the following is expected:

1

N

XN

n¼1

½g � x � ðs þ mÞ	n
2 ¼ sn

2 ð18Þ

Thus, the idea is not minimizing the residuals of m and y, but rather keeping

them close to the statistical noise sv
2. Equation (18) is a single equation with N

unknowns. Then, infinite solutions can fulfil it, and the problem cannot be solved

unless additional information is provided on the expected solution. A serious data

analysis never freely invents information. The following conditions can be

imposed onto the expected solution: (1) boundary condition: for physical reasons,

the solution must be nonnegative; i.e.: xn> 0 for all n; and (2) informativity

conditions: information is a matter of definition, and a variety of possibilities are

presented in what follows. The problem is to find a unique solution to Eq. (18)

with a minimal of information.

Inversion Methods

Numerous inversion methods have been proposed. Van Cittert[34] iterates a

solution to the ‘‘wrong’’ Eq. (15), which is stopped when Eq. (18) is verified. This

method was independently reinvented for SEC applications by Chang and

Huang[35] and by Smit,[36] as continuum versions of the Schulz and Hotelling

method for the general iterative matrix inversion.[37] In the Quadratic Regu-

larization by Tikhonov[32] and the Singular Value Filtering[38] (SVF), smoothness

criteria with adaptive parameters are defined that match Eq. (18). Jansson et al.[39]

generalize the van Cittert[34] boundary conditions imposing: xminn
� xn � xmaxn

.

The Linear Optimization Method[40] produces the same settings as the Jansson-

van Cittert method; and both techniques solve a quadratic regularization problem
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for the mentioned boundary conditions. The Maximum Entropy Method[41]

(MEM) is a highly nonlinear regularization method, specifically designed for

high-resolution tasks. Other inversion methods are given in Schell,[42] Biraud,[43]

Ishige,[44] Backus–Gilbert,[45] and Essenreiter.[46]

In the following, we shall concentrate on the most widely-used, best-

defined, and simplest of methods: SVF and quadratic regularization (including

MEM). The regularization method will be presented in a new generalized fashion.

Regularization

Call Q a measure of ‘‘informativity’’. Some frequently-used information

filters are listed in Table 3. Then, a solution x can be found such that:[32,33,41,47]

w2ðxÞ ¼
XN

n¼1

ðg � x � yÞn
2 þ lQðxÞ ¼ MinðxÞ ð19Þ

where w2ðxÞ is the objective function to be minimized; and l is an adjustable

parameter that must be selected to fulfil Eq. (18). (A large l puts more preference

to the a priori information Q, while a small l puts more weight on the

measurements.)

Singular Value Filtering (SVF)

Like in regularization, SVF[38,48] acts as a smoothing- (or low-pass-) filter.

When solving Eq. (15) in the manner of the least squares, the following analytical

result is obtained:

gT g � x ¼ gT � y ð20Þ

A Singular Value Decomposition (SVD) is performed when matrix gTg is

expressed as follows:

gT g ¼ V � D � VT ; ð21Þ

where V is the orthogonal right eigenmatrix of gTg; and D is the diagonal matrix

of the dj
2 eigenvalues of gTg; i.e.: ½D ¼ diagðdj

2Þ	.

In contrast, a Singular Value Filtering (SVF) involves inserting Eq. (21)

into Eq. (20) and then applying the weights Fj onto all 1=dj
2’s, resulting:

x ¼ V � diag
Fj

dj
2

 !
� VT � gT y ð22Þ

Some frequently used Singular Value Filters are shown in Table 4.
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Filter Adjustment

All filters contain parameters that must be adjusted to the given data and

noise. To this effect, any of the following three methods can be applied.

The Noise Adaption Method[49] (NAM) has already been introduced

through Eq. (19); and it requires the residuals of measurement and model to

match the variance of the statistical noise.

Table 3. Frequently-Used Regularization Filters

Formulae Name Comment

QREG0 ¼
PN
n¼1

xn
2 Zero order

regularization

(REG0)

Keeps all x-component

close to zero. Smooth-

ing strength close to

t-axis is weaker than

far from it.

QREG2 ¼
PN
n¼1

ð2xn � xn�1 � xnþ1Þ
2 Second order

regularization

(REG2)

Keeps x being a straight

line. Smoothing

strength is independent

of value.

QMEM ¼
PN
n¼1

ðaxnÞ lnðaxnÞ Maximum entropy

method (MEM)

Keeps x nonnegative.

Smoothing strength

close to t-axis is

stronger than far from

t-axis.

Table 4. Some Frequently-Used Singular Value Filters

Filter Fj Name Comment

1 Nonfiltered solution This is the useless direct solution

to Eq. (12).
0; if dj

2 < dMin

1; if dj
2 � dMin

� �
Heavyside filter In practice (with typical SEC

kernels), smooth eigenvectors

have large eigenvalues, while

oscillating eigenvectors have

small eigenvalues.

dj
2=ðdj

2 þ lÞ Zero-order

regularization

Analytical solution of Eq. (16)

with REG0. SVF and regular-

ization overlap at this point.
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The Optimal Wiener Filter[50] (OWF) is defined as follows. First, imagine

that the true solution to x, sk
c, were known. Then, for any filter with parameters

fl1; . . . ; ljg, optimize those parameters such that:

hðx � sk
cÞ

2
i¼Min! ð23Þ

where the averaging brackets are taken over all possible realizations of the statistical

noise. Unfortunately, the OWF is not directly available from the original data.

The Self Consistent Filter Optimization[47] (SCFO) compensates the

unavailability of the OWF through the following approximation. Imagine that for

any given l1, a regularization equation has the solution x1 ¼ xðl1Þ. Then, the

following procedure must be carried out:

Form the model m1 ¼ g � x1; and add noise to m1; and

Deconvolve m1with a different l2 to find :

hðx2 � x1Þ
2
ijl1¼l2

¼ Min! ð24Þ

Monte Carlo simulations[47] for a zero-order regularization showed that

(compared with NAM), SCFO generally leads to a l value that is closer to the

optimal Wiener value.

Localized Regularization

When deconvoluting ‘‘peaky’’ data, the optimal l must be small, whereas

for smooth data it must be large. If a single eluogram contains both peaky and

smooth data, then l must be position-dependent. This can be expressed as

follows:

w2ðxÞ ¼
XN

n¼1

ðg � x � yÞn
2 þ

XN

n¼1

lðn; p1; . . . ; pJ ÞqðxnÞ ¼ Min! ð25Þ

where now l is position-dependent, since it depends on J independent pj

parameters. To adjust these parameters, we can generalize the SCFO method to

the multi-parameter-form, requiring:

hðx2 � x1Þ
2
ijpJ ;1¼pJ ;2

¼Min! ðfor all jÞ: ð26Þ

Equation (26) is possibly the most reliable method, in spite of the fact that a

numerical iteration is required. In modern personal computers (and even for the

highly nonlinear and nonlocal MEM), the calculation time for 1024 data points is

around 1 s.
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Inverting Tung’s Equation for Nonlinear Detector Response

Response coefficients may depend on the absolute concentration, and this

can become a severe problem for the higher molecular weights. The problem is

solved through the following (rather fast) iterative procedure: (1) invert the

equation with infinite-dilution-information, leading to a solution x(1); and

(2) repeat using xðn � 1Þ values to get solutions x(n) until convergence. Only for

extremely narrow samples, does this procedure require more than two or three

iterations.

Comparison and Use of Inversion Methods

In the past, the use of especial inversion algorithms was restricted by

computer space and time. At present, 100 nonlinear iterations involving

thousands of data points can be completed within seconds. However, not every

problem requires the highest possible sophistication.

Figure 6 compares the performance of three quadratic filters (SVF, REG0,

and REG2) with the MEM filter, for a series of Gaussian chromatograms with an

increasing half-width. While the solutions from all quadratic filters are almost

coincident, the MEM filter seems preferable for the very narrow samples.

In Fig. 7, an oligomer is resolved by local REG2, local MEM, and global

MEM. Again, narrow structures were only efficiently solved by MEM. The

difference between the local and global filters is less pronounced. The MEM

solutions do not exhibit artificial side-lobes. Also, the broad region is

deconvoluted into a single smooth solution, and all peaks in the oligomer region

are resolved down to the baseline.

DERIVED VARIABLES IN MULTIDETECTION SEC

Linear vs. Nonlinear Signal Processing

In multidetection SEC, two or more detectors are installed in series.

This introduces the interdetector volume problem, by which a downstream signal

may be shifted and distorted with respect to an upstream signal.[3,5,21,22,51,52]

This problem is neglected in the discussion that follows.

Figure 8 illustrates a case of multidetection SEC. The chromatograph is fit

with a UV absorbance sensor at two different wavelengths (UV1 and UV2), a LS

sensor, a capillary IV, a (hypothetical) colligative property osmometer (OS), and a

DR. The corresponding signals are sUV1(V), sUV2(V), sLS(V), sIV(V), sOS(V), and
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Figure 6. Numerical example for testing two inversion methods: the REG2 quadratic

filter (a); and the maximum entropy method (MEM) (b). The chromatogram (in continuous

trace) was produced by addition of five Gaussian distributions of an increasing width.

The kernel is uniform and Gaussian, and is indicated by an internal cross. The kernel width

coincides with the width of the further-left Gaussian of the chromatogram. The

recuperations are shown in discontinuous trace.
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Figure 7. A chromatogram obtained by mixture of four (anionic and low-molecular-

weight) standards of PMMA is deconvolved using the following techniques: global REG2

(a); global MEM (b); and local MEM (c). The low-molecular weight end is best resolved

with local MEM. For chromatograms that are broader than about two times the kernel, then

all three methods yield similar results. The kernel is uniform, and is indicated by an

internal cross. The inversions are shown in discontinuous trace.
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sDR(V), respectively. The approach that follows is quite general, and it does not

enter into details of the different detector types.

The aim here is to produce unbiased estimates in multidetection SEC.

Consider first, an example where both a linear and a nonlinear signal processing is

required. An AB copolymer is analyzed by two UV signals: sUV1(V) that only

responds to repeating unit A, and sUV2(V) that only responds to repeating unit B. To

calculate the instantaneous mass w(V), the following linear equation can be written:

wðV Þ ¼ k1sUV1ðV Þ þ k2sUV2ðV Þ ð27Þ

where w(V) is the instantaneous mass; and k1 and k2 are known constants.

In contrast, to calculate the instantaneous mass fraction of A, pA(V), the following

nonlinear combination of chromatograms is required:

pAðV Þ ¼
k1sUV1ðV Þ

k1 sUV1ðV Þ þ k2 sUV2ðV Þ
ð28Þ

The most important case of nonlinear signal processing deals with the

signal ratios associated with molar mass sensors; yielding:

MwðV Þ ¼ kLS

sLSðV Þ

wðV Þ
; MvðV Þ ¼ kIV

sIVðV Þ

wðV Þ


 �1=a

MnðV Þ ¼ kOS

wðV Þ

sOSðV Þ
MwðV Þ � MvðV Þ � MnðV Þ ð29Þ

where w(V) is the mass chromatogram.

Other nonlinearities can be stronger than the signal ratios of Eqs. (28) or

(26). This is the case of estimating the number of branching points per molecule

from a IV signal and the Zimm–Stockmayer relationships.[53] In this work, only

the nonlinearities of Eqs. (28) and (29) will be discussed.

Consider the propagation of errors in the absence of BB, but in the presence

of a measurement noise. Assume that the measured chromatograms are

contaminated by additive white noises of a zero-mean and a constant variance;

but that the corresponding noise-free signals are perfectly accurate. Thus, the

signal-to-noise ratio is high at the chromatogram maximum, but low near to the

baselines. For variables obtained by linear combination of two or more

chromatograms, the propagation of errors is simple and ‘‘well-behaved’’. In

contrast, for variables obtained from signal ratios, acceptable estimates are only

feasible in the mid-chromatogram region, while ‘‘explosive’’ or intolerable errors

are observed near to the baselines.

Now assume a perfect detection without noise, but in the presence of BB. In

this case, any derived variable will also be perfectly accurate, and for this reason,

global averages are, in general, unaffected by BB. Typical examples of this are:

(a) the global Mn obtained from
P

V ½wðV Þ=MnðV Þ
� ��1

; (b) the global Mw
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obtained from
P

V MwðV ÞwðV Þ; and (c) the global mass fraction of A in an AB

copolymer obtained from: pA¼
P

V pAðV ÞwðV Þ.

The general method for BB correction in multidetection SEC involves first

deconvoluting each of the chromatograms through Eq. (2), and then calculating

the (corrected) derived variable by linear or nonlinear combination of the

corrected chromatograms. Unfortunately, this method is in practice of little

practical value, due to the intolerable propagation of errors that is produced in the

deconvolutions and in the calculation of the derived variable. In what follows, two

procedures are presented that reduce such propagation of errors. The first

procedure is applicable to any linear signal processing. The second is specific to

molar mass measurement.

BB Correction and Linear Signal Processing

When a quality variable is obtained by linear combination of two or more

signals, then it is preferable to first calculate the quality variable from the raw

chromatograms, and to then correct such (broadened) variable for BB. To prove

this, consider calculating the instantaneous copolymer mass through Eq. (28).

Combining Eqs. (28) and (2), one obtains:

wðV Þ ¼ k1

ð
gðV ;eVV ÞsUV1

cðeVV Þ deVV þ k2

ð
gðV ;eVV ÞsUV2

cðeVV Þ deVV ð30Þ

and therefore:

wðV Þ ¼

ð
gðV ;eVV Þ½k1sUV1

cðeVV Þ deVV þ k2sUV2
cðeVV Þ	 deVV ð31Þ

wðV Þ ¼

ð
gðV ;eVV ÞwcðeVV Þ deVV ð32Þ

Equation (32) indicates that if a variable is obtained by linear combination

of the raw chromatograms, then it is broadened by the same kernel that also

broadens each of the raw chromatograms. Thus, the BB-corrected function wcðV Þ

can be obtained by first calculating w(V) through Eq. (27) and then inverting

Eq. (32). This procedure requires a single inversion operation, and it is, therefore,

preferable to the general correction method. Unfortunately, the approach cannot

be extended to variables involving a nonlinear signal processing.

To illustrate the previous ideas, consider the SEC analysis of an AB

copolymer by standard dual-detection (i.e., a UV absorbance detector plus a DR).

Assume that while the UV sensor ‘‘sees’’ only the A repeating units, the DR
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responds to both repeating unit types, but with different sensitivities. The

following equations can be written:[54–58]

sUVðV Þ ¼ kUVpAðV ÞwðV Þ ð33Þ

sDRðV Þ ¼ kDRfnPA pAðV Þ þ nPB½1 � pAðV Þ	gwðV Þ ð34Þ

where w(V) is the instantaneous mass; pA(V) is the instantaneous mass fraction of

A; kUV, kDR are the (known) UV and DR sensor gains; and nPA, nPB are the

(known) specific refractive index increments of the poly(A) and poly(B)

homopolymers. Solving for the unknowns in Eqs. (33) and (34), one finds:

wðV Þ ¼
1

kDR nPB

� �
sDRðV Þ þ

nPB � nPA

kUV nPB

� �
sUVðV Þ ð35Þ

pAðV Þ ¼
1

½ðnPB � nPAÞ=nPB	 þ ½kUV=ðkDRnPBÞ	 sDRðV Þ=sUVðV Þ
ð36Þ

Equation (35) is linear, and, therefore, the previously described procedure

can be applied. First, obtain the broadened mass chromatogram w(V) through

Eq. (35), and then calculate wc(V) from Eq. (32). The previous approach cannot

be extended to pA(V) in Eq. (36), however; and instead the general method is

required. First, obtain sUV
c(V) and sDR

c(V) by inversion of the raw chromato-

grams. Then, obtain pA
c(V) from the ‘‘corrected’’ version of Eq. (36) [i.e., with

pA(V), sUV(V), and sDR(V) substituted by pA
c(V), sUV

c(V), and sDR
c(V)].

Molar Mass Detection

This section reviews a method that has been recently proposed by Vega and

Meira[59] for calculating unbiased MWDs from molar mass sensors. The method

is strictly applicable when the following assumptions are verified: (a) a

chromatographically-simple polymer is analyzed; and (b) the molecular weight

calibration obtained from (hypothetical) monodisperse standards is linear. This

last requirement is not too restrictive if the analyzed sample is not too broad, and

it does not contain a very high molar mass fraction. No requirements are imposed

on the shapes of the MWD or the BB function.

If a chromatographically simple polymer is analyzed in an ideal

chromatograph without BB, then the instantaneously eluting fraction is

monodisperse in molar mass. Under this ideal condition, any perfectly accurate
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molar mass sensor would provide a common measurement M(V); and Eq. (29)

may be written:

M ðV Þ ¼ kLS

sLS
cðV Þ

wcðV Þ
¼ kIV

sIV
cðV Þ

wcðV Þ


 �1=a

¼ kOS

wcðV Þ

sOS
cðV Þ

ð37Þ

where wcðV Þ is the mass chromatogram [obtained for example from s c
DRðV Þ]; and

kLS, kIV, a, and kOS are all known constants. Note that M(V) [or log M(V)] both

coincide with the unbiased molecular weight calibration that would be obtained

if monodisperse standards were injected into the real chromatograph with BB.

Also note, that an unbiased MWD can be obtained from wc(V) and log M(V).

Synthetic examples are ideal for investigating alternative BB correction

procedures; and this is because the solutions are known a priori. The proposed

correction procedure is illustrated by the numerical example that is presented in

Figs. 9 and 10. The following assumptions are adopted: (i) the detectors are

perfectly accurate, but the chromatograms are contaminated by white noises; and

(ii) a chromatographically simple polymer is analyzed, and therefore, in the

absence of BB, the instantaneous MWD in the detector cell is monodisperse. The

basic raw data are: (a) the ‘‘true’’ or corrected mass chromatogram wc(V) of

Fig. 9(a), with a range indicated by the inner arrows shown in the horizontal axis

of Fig. 9(a); (b) the linear (unbiased) molecular weight calibration log M(V) of

Fig. 9(c); and (c) the nonuniform and skewed IB function gðV ;eVV Þ of Fig. 9(a).

The corrected LS chromatogram of Fig. 9(b) was calculated by adopting:

sLS
cðV Þ � 0:02½M ðV ÞwcðV Þ	. From wc(V) and log M(V), the ‘‘true’’ MWD

wc(log M) of Fig. 9(d) was obtained, and the corresponding average molecular

weights are presented in Table 5. The noisy ‘‘measurements’’ are given by w(V)

[Fig. 9(a)] and sLS(V) [Fig. 9(b)]. They were produced by first convoluting wc(V)

and sLS
c(V) through Eq. (2), and then adding Gaussian white noises of zero-mean

and constant variances. The final range of the measured chromatograms is given

by the outer arrows shown on the horizontal axis of Fig. 9(a).

From the mass chromatogram w(V) and the linear calibration, the

(broadened) MWD w(log M) of Fig. 9(d) was obtained. The average molecular

weights are both underestimated due to the BB skewness, while the poly-

dispersity is overestimated (Table 5).

At each retention volume of the (noise-free) mass chromatogram, the

instantaneous MWD in the detector cell was calculated by considering the

contributions (at each given retention volume) of all the intervening (mono-

disperse) molecular species that constitute the sample, as determined by wc(V),

g(V, eVV ), and log M(V). From the instantaneous MWDs, a noise-free Mw(V) was

calculated; and the corresponding log Mw(V) is represented by a smooth curve in

Fig. 9(c). This ad hoc calibration is nonlinear and in general less steep than

log M(V).
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Figure 9. Simulated example of a data treatment developed for ideal LS sensors:

standard procedure that does not include a correction for BB (after Vega and Meira[59]).

(a) ‘‘True’’ mass chromatogram wc(V); three samples of the (nonuniform and skewed)

spreading function, g(V, ~VV ); and measured (noisy) mass chromatogram w(V). (b) ‘‘True’’

molar mass chromatogram sLS
c(V); and measured (noisy) molar mass chromatogram

sLS(V). (c) Unbiased linear calibration, log M ðV Þ; ‘‘true’’ ad hoc calibration log MwðV Þ; and

estimated ad hoc calibration log M̂MwðV Þ. (d) ‘‘True’’ MWD wcðlog M Þ; and (unacceptable)

MWD estimate wðlog M̂MwÞ, directly obtained from w(V) and log M̂MwðV Þ.
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Figure 10. Simulated example of the data treatment developed for ideal LS sensors:

proposed correction procedure (after Vega and Meira[59]). (a) ‘‘True’’ mass chromatogram

wc(V); measured mass chromatogram w(V); and estimated true chromatogram ŵwcðV Þ.

(b) ‘‘True’’ molar mass chromatogram sLS
c(V); measured molar mass chromatogram

sLS(V); and estimated true molar mass chromatogram ŝsLS
cðV Þ. (c) Unbiased linear

calibration log M ðV Þ; estimated unbiased calibration log M̂M ðV Þ, and estimated linear

unbiased calibration log M̂Mlin:ðV Þ. (d) ‘‘True’’ MWD wcðlog M Þ and unbiased MWD

estimate ŵwcðlog M̂Mlin:Þ obtained from wcðV Þ and log M̂Mlin:ðV Þ.
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In a normal data treatment, Mw(V) is estimated from a signals ratio, and in

this example it was calculated from: M̂MwðV Þ ¼ sLSðV Þ=½0:02 wðV Þ	. The

corresponding log M̂MwðV Þ is presented in Fig. 9(c). This function is highly

oscillatory at the chromatogram tails, while it almost coincides with log MwðV Þ in

the mid-chromatogram region. The oscillatory nature of log M̂MwðV Þ makes it

impossible to recuperate a MWD. In effect, wðlog M̂MwÞ of Fig. 9(d) is not a

function at the distribution tails, and for this reason, the average molecular

weights were not calculated.

The correction method is based on recuperating the unbiased (and linear)

calibration log M ðV Þ from the BB-corrected measurements. The sought

calibration must only cover the expected range of the narrowed or corrected

mass chromatogram ŵwcðV Þ. To estimate log M ðV Þ, the following procedure is

proposed: (i) correct the raw chromatograms for BB, yielding ŵwcðV Þ and ŝsLS
cðV Þ;

(ii) in the mid-chromatogram region, estimate the unbiased calibration from:

M̂M ðV Þ ¼ sLS
cðV Þ=½0:02 wcðV Þ	; and (iii) adjust this last function to a straight line,

and cover the range of ŵwcðV Þ.

The procedure is illustrated in Fig. 10. The noisy chromatograms w(V) and

sLS(V) of Figs. 9(a,b) are reproduced in Figs. 10(a,b). These chromatograms were

corrected for BB using a singular value decomposition algorithm,[38,48] and the

estimates ŵwcðV Þ and ŝsLS
cðV Þ are presented in Figs. 10(a,b). Both functions

are smooth, and close to the true wc(V) and sLS
cðV Þ. The unbiased molar masses

were then calculated [log M̂M ðV Þ in Fig. 10(c)]. This function almost coincides with

the ‘‘true’’ log M ðV Þ in the mid-chromatogram region, but it diverges at the tails.

Then, the linear calibration estimate log M̂Mlin:ðV Þ was obtained from the values of

log M̂M ðV Þ in the ‘‘adjustment range’’ indicated in Fig. 10(c). Finally, the unbiased

MWD ŵwcðlog M̂Mlin:Þ of Fig. 10(d) was obtained from ŵwcðV Þ and log M̂Mlin:ðV Þ. The

unbiased MWD almost coincides with the ‘‘true’’ wcðlog M Þ; and the correspond-

ing average molecular weights are close to the real values (Table 5). The presented

procedure has not yet been tested with real experimental measurements.

Table 5. Simulated Example of a Data Treatment Developed for an

Ideal LS Sensor: Average Molecular Weights and Polydispersities

MWD �MMn
�MMw

�MMw= �MMn

awcðlog M Þ of Fig. 9(d) 182,000 242,000 1.33
bwðlog M Þ of Fig. 9(d) 160,000 224,000 1.40
cŵwcðlog M̂Mlin:Þ of Fig. 10(d) 185,000 243,000 1.32

a‘‘True’’ Base MWD.
bMWD from direct calibration and mass signal, without BB correction.
cUnbiased MWD from proposed correction procedure.
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CONCLUSIONS

The correction for BB in SEC is important when accurate MWDs or other

polymer quality characteristics are required. In this work, the most important

‘‘state-of-the-art’’ problems have been reviewed and discussed.

The first task for an effective BB correction is the experimental deter-

mination of the exact broadening function or kernel for the system to be used.

The sought function is generally skewed and moderately nonuniform.

Misleads in polymer quality estimates generally increase when the eluogram

width becomes close to the kernel. In noise-free systems, this mislead is larger for

conventional calibration than for in-line LS sensors. For samples with widths

smaller than about ten times that of the kernel, equally good results are obtained via

quadratic and MEM filters. For chromatogram half-widths narrower than twice the

half-width of the kernel, misleads in the nonuniformity or the Mark–Houwink

parameters may become dramatic. In this case, reliable results are obtained with

inversion methods involving a positive solution and related filters like MEM.

In multidetection SEC, the general method for BB correction that requires

the independent inversion of each of the measured chromatograms is, in general,

unfeasible, due to propagation of errors in the signal processing. Two solutions

have been proposed to improve that situation: one is applicable to any derived

quality variable that is obtained by linear combination of chromatograms; the

other is specific to molar mass sensors.

The research area is still open, and in the near future, the following

advances are to be expected: (a) the development of simpler techniques for

estimating the BB function, using either ultra-narrow standards or at least narrow

standards with precisely-determined MWDs; (b) the experimental validation of

many of the proposed numerical algorithms; (c) the inclusion (in commercial

chromatographs) of software for BB correction; (d) the standardization of

experimental techniques and signal processing; and (e) the commercial avail-

ability of ultra-narrow (or almost monodisperse) standards for a direct deter-

mination of the system kernel.
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